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Canada 
Depolymerisation et decristallisation controlees 
de substrats cellulosiques en glucose 
Les besoins energetiques augmentent rapidement partout a travers le monde. Afin de 
repondre a cette demande, de nouvelles sources d'energie vertes doivent etre 
developpees. La production de bioethanol a partir des substances lignocellulosiques, 
une ressource renouvelable, possede un cycle de vie favorable comparativement aux 
combustibles fossiles ou au bioethanol produit a partir du ma'i's. 
La principale difficulte pour ('utilisation industrielle des substances lignocellulosiques est 
de produire le sucre a partir de la solide matrice cellulosique. Le sucre obtenu serait 
alors fermente en ethanol. Deux approches sont generalement utilisees dans la 
recherche d'un procede de production de sucre a partir des substances 
lignocellulosiques, (1) I'hydrolyse acide et (2) I'hydrolyse enzymatique. Les deux 
approches produisent de haut rendement en glucose; par contre, elles ne sont pas 
encore rentables et dependent, tout comme les procedes a partir du ma'i's, des 
subventions. Ce projet tente de developper des methodes ameliorees qui rendraient la 
production de sucre rentable a partir des matieres lignocellulosiques. 
Le procede d'hydrolyse acide est base sur la methode ASTM E1758-95, nommee 
« Determination des hydrates de carbone composant la biomasse par HPLC ». Notre 
innovation est de modifier les etapes de « gonflement » et d'hydrolyse inherentes a la 
methode ASTM, en utilisant un mediateur afin de produire une solution de sucre plus 
concentree. La recherche presentee dans cette these prouve que I'innovation proposee 
est techniquement faisable. Par contre, la viabilite de notre innovation au point de vue 
economique depend de la recuperation et du recyclage de I'acide et du mediateur. 
L'innovation sur le procede d'hydrolyse enzymatique est basee sur I'utilisation de 
substrats fractionnes a divers niveaux de purete et de cristallinite, et d'evaluer si leur 
hydrolyse sera favorisee (necessitant moins d'enzyme et/ou moins de temps de 
reaction) comparativement aux substrats pretraites mais non fractionnes. Notre 
recherche montre que le temps et la charge enzymatique sont les facteurs principaux 
controlant I'hydrolyse. Comparativement a ces deux facteurs, le type de substrat utilise a 
peu d'effet sur I'hydrolyse enzymatique. A partir de cette information, il peut etre deduit 
que la cristallinite est I'etape clef limitant I'activite enzymatique. 
SUMMARY 
The energy needs are increasing rapidly throughout the world. To fulfill this need, new 
environmentally friendly energy sources must be developed. Production of bio-ethanol from 
lignocellulosics, a renewable resource, has a favorable life cycle compared to actual fossil 
fuels or to bio-ethanol from starch. 
The main difficulty is to obtain the sugars from the rigid cellulose matrix characteristic of 
lignocellulosics. The sugars would then be fermented into ethanol. Scientists generally follow 
two approaches to develop the sugar production process from lignocellulosics, (1) acid 
hydrolysis and (2) enzymatic hydrolysis. Both approaches produce high glucose recoveries; 
however, both processes have been, so far, economically unattractive and rely, as the corn-
linked process, on subsidies. This project attempts to develop improved methods that make 
the sugar production from lignocellulosics economically attractive. 
The acid hydrolysis process is based on the ASTM E1758-95 method, referred to as 
"Determination of carbohydrates in biomass by HPLC". Our innovation has been to modify 
the "swelling" and hydrolysis steps inherent in the ASTM method, by using a mediator to 
produce a more concentrated solution of sugars. The experiment presented in this thesis 
proves that that proposed innovation is technically feasible. However, the economical 
feasibility of our innovation hinges upon the recovery and recycling of the acid and mediator. 
The enzymatic hydrolysis innovation is based on using the substrates produced by steam 
treatment and evaluating whether or not their enzymatic hydrolysis is preferred (less 
enzymes and less time) over processes with pre-treated but non-fractionated substrates or in 
relation to high-purity cellulose as the ultimate standard. Our research shows that time and 
enzymatic loading are the main factors controlling the hydrolysis. When compared with these 
two factors, the type of substrate has little effect on enzymatic hydrolysis. From this 
information, it can be deduced that crystallinity is the key limiting step and barrier to 
enzymatic activity. 
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CHAPTER 1 
INTRODUCTION 
According to the International Energy Agency [IEA, 2003], the outlook for the world total 
primary energy supply is to increase from 10,029 million tons of oil equivalent (Mtoe) in 2001 
to 16,300Mtoe in 2030. There is then a substantial need for new energy sources either for 
heat and electricity production or transportation fuels. 
Oil is among the world's most important sources of energy. It represents 43.0% of the world's 
energy consumption. Oil use resulted in the release of 9,947Mt of C02 into the atmosphere in 
2001 [IEA, 2003]. Transportation is the largest consumer of oil-derived products, using 57% 
of the oil supply [IEA, 2003], and making the sector one of the largest producers of C02 
emission. 
The Canadian Government [climatechange.gc.ca] estimates that the greenhouses gases will 
cause an increase of the average global temperatures by 1.4 to 5.8°C by the end of this 
century [climatechange.gc.ca]. This increase will have far-reaching environmental, social, 
and economic consequences. Given the extent of the problem, citizens' pressure has 
resulted in a large number of governments committing to decrease the production of 
greenhouse gases by establishing national rules following the 1997 Kyoto Protocol, which is 
the result of such societal awareness. 
To achieve the objectives of the Kyoto Protocol, there is a need for less energy intensive 
technologies. As well, new sources of energy have to be developed. They need to be 
technically and economically feasible. Further, they must lead to a decrease of greenhouse 
gases emission based on life cycle analyses (overall greenhouse gases = raw material 
exploitation + transformation process + consummation of the energy, based on the calorific 
potential). This is a fantastic challenge for scientists and engineers all around the world. 
This project explores new avenues for sugar production from the carbohydrate fraction of 
lignocellulosic biomass. More specifically, the research focus is to develop the basis of a 
process that converts low-grade cellulose (once isolated from its wood matrix) into sugar. 
The latter can then be fermented to bio-ethanol or converted to "green chemicals". 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Opportunities using Lignocellulosics 
Lignocellulosics (e.g. agricultural and forestry residues, waste paper, and woody and 
herbaceous crops) are an abundant resource [Wyman, 1999], which can be bought at a low-
cost. Its price is estimated at 42 US$/dry ton [Wyman, 2003]. These resources can be used 
to manufacture many products, such as fuels, chemicals, and materials, while providing 
substantial environmental, economic, and strategic advantages [Wyman, 1999]. Using 
lignocellulosics for fuel production, instead of petroleum that releases sequester carbon, 
would have a particularly powerful role in reducing greenhouse gas emissions [Wyman, 
1999]. According to the Renewable Fuel Association [RFA, 2005], a record 3.41 billion 
gallons ethanol were produced in the United-States, a 21% increase from 2003 and a 109% 
since 2000. In Canada, 61 million gallons of ethanol were produced in 2004 [RFA, 2005]. As 
result, there is growing interest in lignocellulosics utilization for ethanol production. The cost 
of raw sugar produced from plants, such as sugar cane, is too high and growing them 
requires intensive agriculture [Wyman, 1999]. Contrary to cornstarch, lignocellulosics do not 
usually need fertilizers for growth and soil fertility can be achieved using a fraction of the 
lignocellulosic residues themselves. According to their life cycle, lignocellulosics are then 
more advantageous. Lignin and other solids left after sugar release can be used to generate 
all the heat and electricity needed for the process, thus, decreasing the process cost. The 
remaining energy can be exported to produce additional revenue [Wyman, 2003]. The 
economic prospects will become better with greater utilization of the constitutive families of 
lignocellulosics [Wyman, 1999]. 
2.2 Biomass Composition 
Cellulose is a natural polymer that is mainly found in plants. Anselme Payen carried out the 
first scientific studies on cellulose. In 1838, he separated cellulose from plant tissues and 
characterized it as an "isomer of starch" as determined via C, H, O analyses. Unlike starch, 
plant tissues are also composed of lignin, a component named by Schulze in 1891. The 
chemical pulping industry was developed soon afterwards by isolating the cellulose. 
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Nowadays, it is well known that lignocellulosic biomass is composed of four constitutive 
families: extracts, hemicelluloses, lignin and cellulose. 
The cellulose molecule is a linear-polymer glucan bound by p-(1-4)-glycosidic linkages. The 
repeating unit is the cellobiose, the dimer of glucose, because the (5-link causes a turning of 
one of the two glucose units around the C1-C4 axis. Chemically, cellulose can be expressed 
as -{-C6(H20)5+n- Native cellulose from wood contains more than one thousand units of 
carbohydrate monomers or a degree of polymerization (DP) higher than one thousand. 
CH,OH 
^Hr I OH 
H 
V I 
H 
H 
HO-T"-
/ H 
,o-~^—)— 
OH 
—o 
I CH,OH 
H a 
* 
H 
) l ink0-(1-4)-^ 
V CH,OH 
^ \ ~ T HN 
HO^JL—•)— 
T OH 
H H 
t 
jf OH 
.o^yu.^ I ChUOH 
- -*-• < 2 ^ " • 
HO 
Cellobiose repeat ing un i t 
Figure 2 - 1 : C h e m i c a l s t ruc ture ce l lu lose molecu le 
o- -
Elemental fibrils consist of cellulose molecules gathered together via hydrogen bonding. The 
elemental fibrils show well-ordered crystalline parts (MCC), around 120 glucose units for 
wood substrates, separated by amorphous parts (see Figure 2-2). The crystallites in MCC 
have an almost perfect structure because of well-arranged hydrogen bonds among cellulose 
molecules. The amorphous sections of cellulose, unlike the crystallites, have not such 
organized structure: the links are weaker and glucose units are more accessible to hydration 
and hydrolytic agents. 
Initial Fibril (elemental fibril array - idealized structure ) 
Depolymerized Fibril(total hydrolysis of amorphous fraction) 
Figure 2 -2 : Representa t ion of ce l lu lose depolymer iza t ion 
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Intramolecular hydrogen bonds between OH-group of adjacent glucose unit give the stiffness 
of the cellulose chain. Similarly, intermolecular hydrogen bonds formed between adjacent 
cellulose molecules give the supra molecular structure. Table 2-1 contains the energy of 
various linkages. The binding energy between cellulosic OH-groups is evaluated as being 
about the same or somewhat higher than the binding energy of OH-groups in alcohols 
[Fengel, 1984]. Morrison (1959) has calculated the H-bonds energy between water and 
cellulose at 25 kj-rnol"1. 
Table 2-1: Energy of various linkages [Fengel, 1984] 
Linkage 
Van-Der-Waals forces 
0 — H — 0 
0 — H —O 
N — H —N 
O — H 
C — 0 
C—H 
c—c 
Compound 
HfeOna. 
H^Oliq. 
CnH2n+lOH 
Melamin 
Energy (NJ-mol-1) 
0.155 
15 
28 
25 
460 
356 
414 
347 
Microfibrils are composed of elemental fibrils cemented by hemicelluloses and some lignin. 
Hemicelluloses are complex amorphous polymers made of various sugars, five carbons 
sugars -t-C5(H20)4+n as xylose and arabinose, as well as six carbons sugars 4-C6(H20)5-}-n 
as glucose, galactose and mannose. Lignin is a molecular group composed of a three 
dimensional amorphous polymer with phenylpropane units linked by ether and carbon-carbon 
bonds. The fibrous structure of the cell walls of plants is illustrated in Figure 2-3. 
Figure 2-3: Cellulose from plant cell walls to elemental fibril 
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The composition of chemical elements of wood varies only slightly with 
each species (see Table 2-2). The relative amounts of the four constitutive families of 
biomass depend on the plant type (grasses, softwood...), and vary also according to the 
different parts of the plants (trunk, bark...) and the part of the cell wall itself (primary wall, 
secondary wall 1...); the composition range is shown on Table 2-3, Table 2-4 and Table 2-5 
give few examples of wood heterogeneity [Fengel, 1984]. 
Table 2-2: Chemical elements composing wood [Fengel, 1984] 
Units 
Average wt% 
Atoms out of 100 
Carbon I Oxygen 
50 43 
47 | 28 
Hydrogen 
6 
24 
Other* 
1 
1 
* Nitrogen deriving from protein material and inorganic elements yielding ashes 
Table 2-3: Approximate weight percentage of constitutive families of wood [Castro, 1994] 
Constitutive families 
Cellulose 
Hemicelluloses 
Lignin 
Extractives 
Min wt% 
40 
25 
15 
2 
Max wt% 
55 
40 
35 
8 
Table 2-4: Detailed composition of different wood species [Fengel, 1984] 
Wood type 
Softwood 
Hardwood 
Scientific name 
Abies balsamea 
Picea mariana 
Acer rubrum 
Populus tremuloides 
Quercus 
Common name 
Balsam fir 
Black spruce 
Red maple 
Trembling aspen 
Oak ---sa£w°-<xL-
heartwood 
%
 
Ho
loc
ell
ulo
se
 
70.0 
71.7 
71.0 
80.3 
78.7 
77.0 
%
 
Ce
llu
los
e
 
49.4 
51.1 
44.5 
49.4 
39.9 
37.6 
%
 
Po
lyo
se
s 
(H
em
ice
llul
os
es
) 
15.4 
15.2 
21.2 
27.6 
28.6 
%
 
Pe
nt
os
an
 
7.0 
7.6 
17.1 
17.2 
%
 
Lig
nin
 
27.7 
27.3 
22.8 
18.1 
24.9 
24.5 
%
 
Et
OH
-b
en
ze
ne
 
ex
tra
ct
 
4.3 
2.6 
2.5 
3.8 
2.4 
4.4 
%
 
Ho
t-w
at
er
 
ex
tra
ct
 
3.6 
2.5 
4.4 
2.8 
%
 
As
h 
0.4 
0.2 
0.7 
0.4 
0.5 
0.3 
Table 2-5: Calculated distribution of the constitutive families in the cell wall layers of spruce tracheids 
[Fengel, 1984] 
Region 
Ea
rly
wo
od
 
La
te
wo
od
 
Wall Layer 
Compound middle 
lamella 
Secondary wall 1 
Secondary wall 2 
+ tertiary wall 
Compound middle 
lamella 
Secondary wall 1 
Secondary wall 2 
+ tertiary wall 
Cellulose 
% of the wall 
layer 
13.9 
36.4 
58.5 
13.7 
34.6 
58.4 
% of total 
cellulose 
4.1 
8.9 
87.0 
2.5 
5.2 
92.3 
Polyoses (Hemicelluloses) 
% of the wall 
layer 
27.1 
36.4 
14.4 
27.4 
34.6 
14.5 
% of total 
polyoses 
20.6 
23.2 
56.1 
15.0 
15.6 
69.4 
Lignin 
% of the wall 
layer 
59.0 
27.2 
27.1 
58.9 
30.8 
27.1 
% of total 
lignin 
26.8 
10.4 
62.8 
18.4 
7.9 
73.7 
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2.3 Fractionation of the Biomass Matrix into its Four Constitutive Families 
Cellulosic biomass must be pretreated to allow high yields of glucose from cellulose with 
enzyme hydrolysis [Wyman, 1996]. Therefore, it is important to consider how cellulose is 
prepared for hydrolysis. For acid hydrolysis of biomass to glucose, pretreatment is not 
required to yield high glucose recovery. However, following the "green chemical approach", it 
is preferable to separate (i.e. fractionate) the four constitutive families of biomass. Figure 2-4 
shows different products that can be made from the extracts, hemicelluloses (or polyoses), 
cellulose and lignin. Methods have already been developed to separate and obtain the four 
constitutive families with reasonable levels of purity. For instance, aqueous-methanol and 
aqueous-ethanol solubilize most of the extractives under mild conditions (<100CC). 
Subsequently, the hemicelluloses are solubilized to a large extent by, for example, aqueous-
steam treatments. Lignin removal can then be achieved using caustic soda, nitric acid, or 
simply an organic alcohol depending on the cellulose characteristics desired. This process 
developed at the University of Sherbrooke was called the Feedstock Impregnation Rapid and 
Sequential Steam Treatment (FIRSST). 
The crystalline fraction of the elemental fibrils can be isolated by hydrolyzing the amorphous 
sections in-between crystallites. This is done in the production of MCC, which is the result of 
the aggregation of the individual crystallites during drying. 
Also, the cellulosic fines and fibers can be isolated by known methods. The fines become a 
"feedstock" for glucose production. The fibers that have the appropriate characteristics can 
be marketed for blending and pulp and paper applications. Alternatively, if the fibers are of 
poor strength, they can be used jointly with the fines for glucose production. 
Following the fractionation steps, the conversion of solubilized hemicelluloses and the solid 
wet cellulose into sugars requires hydrolysis. The latter is carried out as follows: (1) a 
relatively mild acid hydrolysis is sufficient to convert the hemicelluloses into a mix of sugars; 
the overall sugars yield that approaches 80wt% of the hemicelluloses present in the biomass, 
and (2) a decrystallization/depolymerization treatment saccharifies the cellulose. 
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2.4 Cellulose Depolymerization and Decrystallization 
Cellulose hydrolysis is a chemical reaction that beaks |3-(1-4)-glycosidic links by addition of 
water molecules. It proceeds as follow: 4-C6(H20)5+n + nH20-> nC6(H20)6. Depolymerization 
is the result of "cutting" the cellulose polymer into smaller chains oligomers down to the 
monomers by the hydrolysis reaction. Decrystallization is the loss of crystalline structure of 
the crystallites, i.e. the almost prefect structure of the « crystals » is altered. In the literature, 
little differentiation is made between decrystallization and depolymerization. Most authors 
use the term "hydrolysis" as the overall process that results in a major structural change that 
converts cellulose into sugars and degradation products. Different treatments can hydrolyze 
cellulose into glucose. The most widespread treatments are aqueous acid and enzymatic 
catalysis. Organic solvents can also react with the cellulose and swell the latter leading 
subsequently to hydrolysis if water can be added. 
2.4.1 Aqueous Acid Hydrolysis 
Acid acts as a catalyst in the cellulose hydrolysis reaction with water. Sulfuric acid is today 
the acid the most widely used. Other acids, such as nitric acid and hydrofluoric acid, have 
also been studied in the past, but sulfuric acid is the most convenient to use industrially 
because of its low cost and good performance. 
The acid hydrolysis of hemicelluloses well is widespread and modeled: the extent of 
solubilization is a function of severity [Overend et al., 1987]. Models introducing the effect of 
acid concentration have subsequently been developed [Abatzoglou et al., 1992]. 
For the cellulose, acid hydrolysis reaction rate seems to be affected by the substrate used. 
The presence of lignin, hemicelluloses, and the physical properties of cellulose such as the 
degree of polymerization (DP) and crystallinity index (CI), all seem to affect the rate of 
hydrolysis. Easily hydrolysable cellulose (amorphous cellulose) and resistant high crystallinity 
cellulose (Avicel MCC) are often used as models to simplify the substrate complexity 
[Bouchard, 1990]. The reaction rate of hemicelluloses solubilization is a function of the 
severity of the treatment. The severity factor combines the temperature, the acid 
concentration and the reaction time, in a single parameter [Overend et al., 1987]. The 
cellulose depolymerization down to its constitutive microcrystals has also been modeled via 
severity parameters [D'Amour, 2001]. Previous works, such as the non-published thesis of 
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D'Amour (2001), have shown that crystallinity is the main obstacles for cellulose 
depolymerization. 
A key point in biomass conversion was to standardize the analysis of the carbohydrate 
content of the initial substrate. The procedure, accepted by the American Society for Testing 
and Materials (ASTM), has become the Standard Test Method for Determination for 
Carbohydrates in Biomass by High Performance Liquid Chromatography (HPLC), E1758-95. 
Hardwood and softwoods, herbaceous materials, agricultural residues, washed acid- and 
alkaline-pretreated biomass and the solid fraction of fermentation residues can all be 
analyzed by this simple method. It consists in a first treatment with 72wt% sulfuric acid 
(30°C-2h) followed by dilution to 4wt% sulfuric acid and hydrolysis (121°C-1h). The solution 
obtained is then prepared for the HPLC analysis; filtration, neutralization and dilution of the 
samples as needed for HPLC analysis. The main idea behind the standard test is the 
"swelling" of the cellulose that literally "breaks apart" the crystals and forms a gel. Some 
hydrolysis may occur during the "swelling" treatment. This procedure yields over 90wt% 
sugars. 
2.4.2 Enzymatic Hydrolysis 
Enzymes are active proteins. Cellulase enzymes have specific acid sites that cause a 
hydrolytic effect on cellulose. Cellulases have a high level of specialization; each type of 
cellulase has a specific action in the cellulose decrystallization and depolymerization down to 
the monomers. Cellulases are classed in three main groups: endo-3-gluconase, exo-P-
gluconase and p-glucosidase. Different fungi or batteries can produce cellulases [Wyman, 
1996]. The most common are fungi Trichoderma reesei and Aspergillus niger. 
Endo-(3-gluconase breaks P-links randomly through the polysaccharide chain. Its rate of 
reaction decreases as the DP decreases. Thus, this type of cellulase attacks the longer 
chains first. The final compounds produced are mainly cellotriose and cellobiose. [Fan et al., 
1987] Its activity is commonly measured by the standardized hydrolysis of 
carboxymethylcellulose (CMC) [Ghose, 1987]. 
Exo-3-gluconase attaches itself to the end of a glucose chain and breaks the p-link, which 
releases the monomers one by one. Each time the endo-P-gluconase breaks a 3-link, a new 
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start point for the exo-3-gluconase is produced. Exo-B-gluconase reaction rate is higher with 
small oligomers (DP from 4 to 7). Furthermore, its capacity to attack oligomers having 
branches or mixed linkage is very limited. [Fan et al., 1987]. The filter paper (FP) assay is 
generally used to measure the exo-activity, but this test is known as being of low 
reproducibility [Coward-Kelly et al, 2003]. 
B-glucosidase attacks celiobiose and cellotriose readily, but its rate of reaction decreases 
quickly with a higher DP in the oligomers. It can attack oligomers from celiobiose to 
cellohexose. [Fan et al., 1987] Celiobiose is used (CB) in a standard hydrolysis method to 
evaluate its activity. [Ghose et al., 1987] 
The first mode of action of cellulase onto cellulose, proposed by Reese et al. (1950), was the 
(C|-CX) concept. Reese suggested the independent action of the Ci-enzymes that first swell 
the cellulose. This swollen cellulose is then hydrolyzed by Cx-enzymes. [Fan et al., 1987] It 
is known today that endo- and exo-enzymes, which are similar to C r and Cx-enzymes 
respectively, need to work together with the help of B-glucosidase to achieve a high yield. 
[Wyman, 1996] 
Synergism is the interaction between homologous enzymes (such as exo-exo and endo-
endo). Synergism can be calculated as the ratio of the amount of glucose produced when 
different enzymes work together divided by the sum of their respective production when they 
work separately. Similarly, cross-synergism is the action of endo-exo enzymes together. 
[Wyman, 1996] Besides its inhibitor removal action, B-glucosidase can also act with cross-
synergism in some cases. Many factors influence the synergism observed such as the type 
of substrate and the enzymes used. For instance, synergism observed will not be the same 
using different endo- or exo-enzymes even if they are from the same specie. The use of all 
three kinds of enzymes simultaneously decreases the synergism compared to the endo-exo 
use. Therefore, glucose is an exo-endo synergism inhibitor. On crystalline Avicel cellulose, 
which has a low DP and many free ends, the exo-endo synergism varies between 1.5 and 
4.8. There is no synergism on acid-swollen or amorphous cellulose. Also, synergism is 
greater when the substrate is not saturated with enzymes. [Woodward et al., 1991] 
Different factors can affect enzymatic hydrolysis, which makes it complex and very difficult to 
predict. First, the preparation of the cellulose substrate seems to be a critical step: removal of 
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the hemicelluloses has a beneficial effect in the cellulose hydrolysis as well as does the lignin 
removal. Physical features of the pretreated substrate, such as crystallinity, influence 
cellulose hydrolysis but studies are in contradiction with each other. Enzyme penetration 
increases when the crystallinity decreases; some studies have shown that hydrolysis rates 
do increase and others obtained the opposite result. [Wyman, 1996] 
The cellulase [9012-54-8] shows a better activity on amorphous cellulose substrates, which is 
about twice than with crystalline components. But, as the crystallite size decreased, the 
digestibility approaches the one observed on amorphous cellulose [Caulfield, (1974)]. 
2.4.3 Organic Solvents Effects on Cellulose 
The acetone concentration has an effect on the hydroxyl groups of the cellulose. It seems 
that an increase in acetone concentration makes the hydrogen bond weaker and the spacing 
in cellulosic matrix bigger. Cellulose hydrolysis can be explained by the acidity developed in 
solvent solutions at high temperature. Acidity of the solution acetone/water increases from 
pH 7.46 to 5.77 after 2h at 150°C. The hydrolysis reaction in the presence of acetone has 
been analyzed by studying cellulose changes and not by focusing on the glucose production. 
[Awadel-Karim et al., 1999-1] 
The addition of an acid catalyst at high temperature involves stereochemical alteration 
(rotational, configurational and conformational) on cellulose. Different acids can be used and 
they produce stronger distortions of the hydrogen bond than acetonation without acid. A 
temperature increase accelerates the formation of weaker hydrogen bonds and formation of 
isopropylidene groups along the cellulose chains. The major products of acetonation consist 
on some isomers of isopropylidene derivatives of sugar. [Awadel-Karim et al., 1999-2,3] 
It is also known that swelling between amine and cellulose can be achieve by using 
ethylamine or by using di-secondary diamines after a treatment with anhydrous liquid 
ammonia. 
The key point derived from the studies with acetone and amines is that the swelling effects 
and changes in surface OH's, via formation of intermediates, do happen. The table below 
summarizes the cellulose organic solvent systems. 
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Table 2-6: Cellulose Organic Solvent Systems [Dimitriu, 2005] 
i Organic solvent system Rematei'S^jiiHW:*'.^ 
CUCHO/DMF 
(CH2OWDMSO 
N2O4/DMF, N204/DMSO 
Dissolves cellulose, forming chloral hemiacetals at all cellulose-OH 
Dissolves cellulose, forming (poly)- methylol hemiacetals at cellulose-OH 
Dissolves cellulose, forming nitrite ester 
all cellulose-OH 
LiCI/DMAc, LiCI/DMI 
S02/amine/DMSO 
CH3NH2/DMSO 
CF3COOH (trifluoroacetic acid: TFA) 
Stable; needs pretreatments of cellulose 
Unstable; gives stable amorphous regenerated cellulose 
Dissolves cellulose, forming complex 
Dissolves cellulose, forming TFA ester 
C6-OH; volatile solvent 
(Bu)4N*F"?3H20/DMSO 
ca. 80% N-methylmorpholine-A/-oxide/H20 
Dissolves cellulose with DP<650 
Uses for lyocell production 
Dissolves cellulose by heating at 90°C 
DMF: N,N-dimethylformamide, DMAc: N,N-dimethylacetamide, DMI: N,N-Dimethylimidazolidinone, DMSO: dimethylsulfoxide, 
Bu: butyl-. 
2.5 Classical Kinetics applied to Cellulose Hydrolysis 
The model developed by Seaman has been used, as reference, for decades. It is simply: 
K, k 2 
Cellulose -» Glucose -» Degradation Products (2-1) 
The assumed first order reaction rates of cellulose and of glucose can be expressed as: 
'CEL "M^CEL kiC c (2-2) 
(2-3) 
The model also assumes that both reactions follow the Arrhenius' temperature dependency 
equation. 
e-k*-e-k")
 + C G U W e - k * (2-4) 
General features characterizing the classical hydrolysis model of cellulose are: 1) the 
reaction 1 (cellulose -> glucose) has an inherently higher activation barrier (E^ than the 
reaction 2 (glucose -> degradation products). Also, the catalytic action of the acid measured 
by cj is stronger in reaction 1 than in reaction 2. [Dimitriu, 1998] 
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Table 2-7: Kinetic Parameters for Cellulose Hydrolysis [Dimitriu, 1998] 
Reaction 
1: cellulose -> glucose 
2: glucose -> degradation products 
k 
(min"1) 
1.44X1015 
3.84X10" 
N 
1.16 
0.57 
E, 
(kJ/kmot) 
140,940 
87,730 
Most of the newer models proposed, such as Conner's model, consider cellulose as a 
heterogeneous substrate and include intermediate products of reaction besides Seaman's 
model. In most of the models, the rate constants are adjusted to fit the data. Using a more 
complex model leads to more rate constants; obviously, the more the constants, the better 
the fit of the data. Those models are usually applicable for very specific conditions of 
hydrolysis. 
Figure 2-5: Model proposed by Conner et al. 
The knowledge of the nature and the sequence of all the elementary steps involve in the 
reacting system is needed for its modeling. Cellulose hydrolysis modeling is 
phenomenological; the estimated kinetic parameters lack mechanistic meaning and are 
function of the range of experimental conditions used. The severity parameter has been 
developed to combine the effects of different operational variables into limited sets of 
parameters. This approach is based on established kinetic principle, although it is essentially 
phenomenological. [Dimitriu, 1998] 
Enzymatic hydrolysis models are often based on the Michaelis-Menten equation, which 
defines the rate of substrate consumption as a function of the enzyme concentration. 
Moreover, the principles of the Langmuir adsorption model are regularly used in enzymatic 
hydrolysis models. These models can include the inhibition effect of glucose and lignin due to 
their adsorption of enzymes, which are then not available to react with the substrate. 
2.6 Hydrolysis Degradation Products 
The degradation products of glucose in presence of acid are popularly considered as 
caramel. The traditional recipe to make a succulent caramel consists only to heat white 
sugar. Also, it can be made by the heating up a concentrated solution of sugar with a little bit 
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of citrus juice or vinegar. In fact, the citrus juice and the vinegar act as an acid catalyst in the 
caramelization reaction. [Defaye, 2001] Caramel is composed of a volatile part and a non-
volatile one. The volatile part was found to be mainly "5-hydroxymethyl-2-furaldehyde". 
[Defaye et al., 2000] The non-volatile part, representing about 95% of a D-glucose caramel 
[Defaye et al., 1994], is mainly composed of the first three molecules shown in Figure 2-6 
[Ratasimba et al., 1999]. 
CHjOH 
O H
^ H "• 
(a) (b) (c) (d) 
Figure 2-6: Illustration of D-glucose caramel compounds: (a)D-glucose 17%, (b)lsomaltose 7.04% and 
(c) Gentiobiose 5.32%. Main degradation product of glucose while acid Hydrolysis (d)Hydroxymethyl 
furfural. 
Hydroxymethyl furfural is the highest concentration product formed from glucose by acid 
hydrolysis (see Figure 2-6 (d)). 
The brown color formed during the hydrolysis is not necessarily resulting from the presence 
of degradation products. It can also be caused by the ketone function of the open form of the 
carbons cycle at the chain end, or the sugar cycle in equilibrium with the cyclic form a or p. 
2.7 Constraints 
2.7.1 Process 
The prerequisites of a selective and robust process are: (a) high yields of glucose for 
cellulose, and (b) sugar concentration is the hydrolyzate of about 10wt%. 
The enzymatic hydrolysis must reach a yield of at least 90% within five days, and preferably 
three days, with a low enzyme loading [Wyman, 1996]. Enzyme loading is generally 
considered low when it is under 15FPU of exo-enzyme. 
The sugar solution obtained, either by acid hydrolysis or by enzymatic hydrolysis, must 
respect fermentation requirements. First, the sugar solution obtained should be above 10wt% 
to be industrially feasible to ferment [Wyman, 1996]. The pH must be adjusted to the 
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optimum according to the yeast used; the most common values are between pH 4.5-5. The 
solution needs to be conditioned with lime to adjust the pH and remove fermentation 
inhibitors (notably inorganic salts and acetic acid)[Wyman, 1996]. 
2.7.2 Economics 
It is clear that any lignocellulosic-based production of hydrolyzates for fermentation needs to 
achieve a "contained sugar cost" that is equal or lower than the cost of hydrolyzates that 
could be produced from either sugar cane or starch, which is about 0.106 $US/kg according 
to the International Sugar Association (ISA) Spot Prices, FOB Caribbean, 15-day average 
(March 2005). This would ensure that the cost of ethanol produced from lignocellulosic 
materials would be competitive with the current cost of ethanol from starch (0.32 $US/kg). 
Lignocellulosic materials has about 60-70wt% of carbohydrates in a dry basis. Upon the 
hydrolysis, an 80% yield would then produce 50-55wt% of sugars. The incidence of the cost 
of the raw material (42 $US/ton) on the cost of sugar is in the range 73-80$US/ton or 0.07-
0.08$US/kg leaving 0.025-0.035$US/kg for the hydrolysis process to be competitive with the 
traded sugar cost (not considering the drying cost of the latter). 
As indicated above, if sugars are the only product of the fractionation/hydrolysis, their cost as 
hydrolyzates is close to the cost of sugar from starch or sugar cane. The key strategy is then 
to obtain coproducts from lignin, extractives or the C5 sugars that can "contribute" with their 
value to de-facto lower the cost of sugars in hydrolyzates. Fractionation strategies aim to this 
objective. 
Table 2-8: Cost of energy 
Basic fuels 
Transportation fuels 
Electricity 
1 ton of biomass, dry basis = 42 $US 
Natural gas projections (NYMEX) 
Oil projections (NYMEX) = 30 $US/bbl 
Gasoline basic pricing today (no taxes) 
EtOH = 1.20 $US/gal = 0.32 $US/kg 
Note: subsidy of 0.54 $US/gal 
Basic production cost = 4.5 #US/kWh 
2.2 $US/GJ 
4 $US/GJ 
5.6 $US/GJ 
8-9 $US/GJ 
14 $US/GJ 
6.2 $US/GJ 
12.5 $US/GJ 
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CHAPTER 3 
SCOPE OF THE RESEARCH PROJECT AND SPECIFIC OBJECTIVES 
Lignocellulosics have the potential to become a substrate for the development of biofuels. 
Lignocellulosics are available in significant quantities as agricultural and forest residues and 
their 2004 cost is evaluated in North America about 20$US/tonne (50% moisture). Regarding 
their life cycle, their conversion to fermentable sugars can be achieved using a "green 
chemical approach". Contrary to cornstarch, lignocellulosics do not usually need fertilizers for 
growth and soil fertility can be achieved using a fraction of the lignocellulosic residues 
themselves. 
A reduction in the cost of the sugars used for the fermentation is essential to significantly 
reduce the production cost of bio-ethanol. Lignocellulosics can potentially be used to produce 
sugar solutions with sugar costs similar of lower than those of sugar produced from corn or 
sugar cane (around 0.106 $US/kg, New York Board of Trade, March 2005). 
Why are lignocellulosic matters not used for the production of fermentable sugars? 
Until now, the main reason that has been discouraging commercial use of lignocellulosics is 
the difficulty in cellulose depolymerization, the most abundant polysaccharide constitutive of 
the lignocellulosic matrix. 
A use of the lignocellulosic material at its full potential implies a beneficial change of forest 
sector, leading industry in Canada. The innovation would be to transform the paper-
manufacturer into a biomass refiner using all the constitutive families of the primary resource 
to produce marketable products. The fibers that are long enough and have appropriate 
strength to make pulp will continue to be produced as the main product. Additionally, ethanol 
production would be based on shorter cellulosic fibers, so called fines, as well as 
hemicelluloses. The lignin would still be used as a source of specific chemical products and, 
also, as a green energy source. Isolated extractives would be exploited for fine chemistry. 
The main objective of the Research Group on Technologies and Processes of Conversion 
(GTRPC) at the University of Sherbrooke is precisely to valorize each constitutive family of 
the lignocellulosic materials (cellulose, hemicelluloses, lignin and extractives) by transforming 
them into products of commercial value. The big picture can be described as follows: 
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Step 1: separate the constitutive families of low grade lignocellulosics forest residues or 
degraded forests; 
Step 2: hydrolyze the hemicelluloses into sugars with 80% yield; 
Step 3: hydrolyze the cellulose fines into glucose with 80% yield; 
Step 4: ferment the sugars to bio-ethanol; 
Step 5: valorize extractives and lignin. 
Figure 3-1 shows the process diagram with the mass balance for an input of 100g of 
lignocellulosics (softwoods), which corresponds to Step 1. The Step 2 is well developed. Step 
3 is the most challenging part of the process and the subject of this research project. The 
fermentation (Step 4) is already well known by the industry for the six-carbons-sugars (C6) 
within certain specification (pH, yeast type and concentration, etc.). Five-carbons-sugars (C5) 
fermentation is relatively new, as well as the joint fermentation of C5 and C6. 
The main objective of this research project is to study the technical feasibility of controlled 
depolymerization and hydrolysis of cellulosic substrates, produced from the fractionation 
process, with yields of C6 sugars reaching at least 80wt%. 
Specialists throughout the world focus their research on the hydrolysis of cellulose to glucose 
using either (1) acid catalysis or (2) enzymatic catalysis. Both approaches have advantages 
and disadvantages that must be solved before establishing a large scale bio-ethanol 
production process from cellulose rich substrates. 
Our starting point for acid hydrolysis is the analytical method described on Determination of 
Carbohydrates in Biomass by High Performance Liquid Chromatography (ASTM E1758-95). 
This method has been described by Natural Renewable Energy Laboratory (NREL, LAP-
002). Depending on the substrate used, this method can recover almost 100% of the sugars. 
However, the sugar solution obtained is too diluted (about 0.4wt%) for the fermentation, 
which needs between 10 to 12wt% of sugars to obtain a 6wt% alcohol, such as in the beer 
manufacturing process. Simple concentration processes (such as reverse osmosis, 
evaporation, or their combination) would increase the overall sugar cost. The expected 
innovation of our research is to introduce a key modification in the ASTM method to produce 
a sugar solution within the needed concentration. The innovation is to add gaseous ammonia 
without appreciably changing the sugar concentration. The ammonia forms (NH4)2S04. 
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As well free sulfuric acid is present. Heating the hydrogel to an appropriate range will 
produce the monomer in near stoichiometric yields. After the hydrolysis, the neutralization is 
completed. Separation and recovery of the salt will permit to produce a hydrolyzate ready for 
fermentation. 
Enzymatic hydrolysis shows limitations for industrial use: the enzymatic loading needed to 
reach desired yields is high and thus costly. Also, the sugar solutions are too diluted for 
fermentation. The approach of the research project is to use cellulose-rich substrates from 
fractionation and evaluate whether or not their enzymatic hydrolysis is easier (less enzyme 
and less time) than that observed with just pre-treated but unfractionated substrates, or with 
high-purity cellulose. 
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CHAPTER 4 
ACID HYDROLYSIS: EXPERIMENTAL PROCEDURES 
4.1 Acid Hydrolysis Procedure 
Substrate hydrolysis is based on the ASTM E1758-95 named Determination of 
Carbohydrates in Biomass by High Performance Liquid Chromatography. On the first step, 
30ml of sulfuric acid 72wt% is added to 3g of substrate (dry basis) for 2h at 30°C. Thus, the 
adjustment of the acid concentration is done using a mediator, liquid ammonia 28wt%, to 
neutralize the acid to the desired level for the second step. Table 4-1 shows the variables 
tested and their corresponding range of variation. The lignocellulosic substrates are: (1) a-
cellulose SIGMA as reference, and (2) our own cellulose produces via the fractionation 
method developed by our laboratory (see Figure 3-1). 
Table 4-1: Acid hydrolysis process variables 
Step 
Acid concentration 
adjustment 
Second step 
Variables 
Mediator volume 
Corresponding molar ratio 
Temperature 
Time 
Units 
ml 
mol NH/ : mol S04° 
°c 
min 
Min 
15 
0.39: 0.50 
80 
20 
Max 
45 
1.16:0.50 
120 
60 
The ASTM E1758-95 is generally performed as reference using a-cellulose SIGMA. To 
acquire a better knowledge of the first step, often referred as the "swelling", the temperature 
of that step was studied, between 5-40°C. The analysis of the process efficiency was done 
after the first step, and another experiment was done to analyze the final process efficiency. 
For every test, the solution is rapidly cooled down in an ice bath to stop the reaction. The 
solutions are then diluted and prepared for the HPLC sugar analysis (see Section 4.3) 
4.2 Characterization of the Substrates 
As mentioned earlier, two substrates are used in this research: (1) a-cellulose SIGMA as 
reference, and (2) the lignocellulosic substrate produced by our lab (referred to as the 
GRTPC cellulose for the remainder of this report). 
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Ashes and moisture content are determined by the equations bellow. At least two samples of 
each substrate are weighed, left overnight in an oven at 105°C to evaporate the moisture or 
575°C to reduce it to ash, and weighed again. 
Ashes• W„r 
Wlnl 
Moisture Content - W|nit ial W f n a l 
Wini 
(4-1) 
(4-2) 
Sugar composition of the substrates is analyzed according to the ASTM E1758-95 
Determination of Carbohydrates in Biomass by High Performance Liquid Chromatography. 
Standards are regularly injected. Two or five sugars are utilized depending on the HPLC 
sugars separation method, and at least five different concentrations were used to plot the 
calibration curve. To increase the precision of the HPLC analyses, fucose was added to the 
sample being analyzed and to the standard solutions as an internal standard. The area of 
each sugar peak, for the unknown sample and for the standards, is divided by the fucose 
area corresponding to the same sample. These ratios relate the standard sugar 
concentrations to the unknown sugar concentrations, which are transformed into weights by 
multiplying by the total test volume, and the dilution factor used for the HPLC analysis. 
Substrate compositions are calculated from the substrate dry weight multiplied by the molar 
factor according to the equations bellow. Then, the yields are normalized to 100% or 100%-
Qjgnin- More details about the HPLC conditions are presented in Table 4-2. 
132.115 
% of the substrate composed of 5 carbons sugar i = 
% of the substrate composed of 6 carbons sugar j = 
v v 5 carbons sugar i recovered 
**Dry Substrate 
w 
" * 6 carbons sugar j recovered 
150.130 
162.141 
180.156 
w, 
(4-3) 
(4-4) 
Dry Substrate 
Table 4-2; Properties of HPLC for the two sugars separation method 
Brand 
Analytical columns 
Solvent 
Flow rate 
Sample volume 
Detector 
Electrode 
Storage solution 
Program 
DIONEX 
CarboPac PA10 (4X250mm) 
and CarboPac Guard PA10 (4X50mm) 
18mMNaOH 
1 .Oml/min 
26ul 
ED40, pulsed electrochemical detection 
Gold, quadruple waveform 
18mM NaOH 
See Annex 1 
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* 
The lignin content of GRTPC lignocellulosic substrate is determined by the ASTM E1721-01 
named Determination of Acid Insoluble Lignin in Biomass, and considered as being zero for 
ct-cellulose SIGMA. 
Substrates characteristics are summarized in Table 4-3. The results used to obtain the 
normalized compositions are presented in Annex 5. 
Table 4-3: Substrates properties 
Substrate 
a-cellulose SIGMA [9004-34-6] 
GRPTC lignocellulosic substrate 
Humidity 
4-5% 
2-6% 
Ash 
0.7% 
Normalized composition 
Glucose 
84.9% 
92.2% 
Xylose 
15.1% 
2.4% 
Lignin 
0% 
5.4% 
4.3 Evaluation of the Process Efficiency 
The process efficiency is related to the glucose recovery. Xylose yields are also analyzed, 
but discussions will be based on glucose yields. The calculation for the amount of glucose 
recovered is shown in section 4.2. Glucose yields are calculated by first multiplying the 
glucose weight recovered by the molar factor (162.141/180.156), and then dividing by the dry 
weight of the substrate multiplied by its normalized composition in glucose. Similar 
calculations are done for xylose yields. The process efficiency is related to the variables in 
Table 4-1. 
4.4 Composition of the Precipitate 
After the solution obtained from the acid hydrolysis is cooled down, a precipitate is formed. 
Test is done to evaluate whether or not the precipitate is soluble and if it contains sugar. A 
sample of 25ml produced using a-cellulose SIGMA is first filtered through a Watman filter 
(the liquid is called Filtrate 1 and the solid Deposit 1). Then 100ml is added to the dry filter 
and Deposit 1 to give the second filtrate (Filtrate 2 and Deposit 2). The filter is dried and 
weighed between each step and sugars analysis is done for both filtrates. 
4.5 Evaluation of the Experimental Error 
Each condition is run at least twice to evaluate the variation on experimental method. For a 
small number of runs (<10), Student's t-distribution should represent the data quite well. The 
equation y = y ±t80a gives the error bars on the result graphs with a confidence level of 80%. 
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Table 4-4: Values of Student's constants t. 
Deqree of freedom* 
1 
3 
5 
tao 
3.078 
1.638 
1.476 
"Degree of freedom = Number of run- 1 
Each run is analyzed once by HPLC; the variation of the results can be neglected in 
comparison with the variation on the experimental method. Another important point about the 
HPLC is that the sugar concentrations of the unknown samples must fall within the standard 
concentrations to give a valid result. Annex 3 shows the unknown sugar concentrations and 
indicates whether or not those results effectively fall within the standard concentrations. 
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CHAPTER 5 
ACID HYDROLYSIS: RESULT AND DISCUSSION 
5.1 First Step of the ASTM E1758-95 Method using a-cellulose SIGMA 
When the acid is added to the cellulose substrate, it swells and a gel is formed. Its color and 
viscosity vary as a function of temperature and time. After 2h at 5°C, the solution keeps the 
form of a gel and color does not change with time. At 15°C or more, the solution becomes 
much less viscous and the color becomes darker as the temperature increases. Color 
changes can be explained by the break down of the cellulosic chains into oligomers, and 
maybe some monomers as well. As noticed through the literature review, the brown color can 
be caused by the ketone function of the open form of the carbon cycle at the chain end, or 
the sugar cycle in equilibrium with the cyclic form a or p. This implies that a 5°C treatment 
involves mainly physical changes, which are breaking of hydrogen bonds between cellulosic 
micro-fibers chains of the microcrystals followed by swelling. Higher temperatures involve 
chemical changes, and even hydrolysis. 
mmsm^ram f r 
(a)5°C (b)15°C (c)25°C (d) 30°C 
Figure 5-1: Sample color after ASTM E1758-95 first step according to temperature 
3ml H2S04 72% 0.3g a-cell SIGMA 
^ >k 10 ml solution 
S t e p l 
H2S04 72%, 2h, temperature 
T 
g biomass 
( - 10wt% biomass concentration) 
11.7 g pure H2SQ4 
g biomass 
Mainly oligomers, but also monomers 
(Only sugars were analysed) 
Figure 5-2: ASTM E1758-95 first step varying temperature 
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100% 
90% 
80% 
- 7 0 % 
20% 
10% 
0% 
20 25 30 35 40 45 15 20 25 30 35 
Temperature ( X ) Temperature (°C) 
(a) (b) 
Figure 5-3: Sugars recovery after ASTM E1758-95 first step according to temperature 
(a)glucose and (b)xylose 
15 40 45 
The plots (a) and (b) in the above figure prove that hydrolysis up to monomer form occurs 
during this step. Amorphous cellulose, which is easily hydrolysable, is most likely the main 
contributor. Although oligomers were not quantified, it can be speculated (from the colors and 
viscosity changes) that cellulose depolymerizes to oligomers. Monomeric glucose recovery 
can reach about 20% at 40°C although it seems negligible at 20°C. The section 5.2 verifies 
whether or not a part of the glucose produced in this treatment is degraded during the 
second step to decide whether to swell the cellulose at 5°C instead of at higher 
temperatures. Also, it is possible that some degradation already begins during the first step 
at higher temperatures. Because xylose yields are out of the standard range (see Annex 3), 
the only thing that can be concluded from this graph is that a significant percentage of xylose 
is produced from the xylan present in the substrate. 
In conclusion: 
•/ Hydrolysis up to monomers occurs during the first step of the ASTM E1758-95 (often 
referred as swelling): about 10% glucose at 30°C, temperature suggested by the 
method. 
S At lower temperatures, ASTM E1758-95 step 1 involves only physical changes: 
breaking the hydrogen bonds between cellulosic chains in the microcrystals and 
swelling. As the temperature increases, chemical changes, via hydrolysis, begin to 
break down the polymer into oligomers, and also some monomers. The first step of 
the ASTM E1758-95 results, at the suggested temperature, in swelling and a pre-
hydrolysis of the substrate. 
S Cellulose->Swelled cellulose->Oligomers->Monomers->Degradation products 
I I U & 
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5.2 Complete ASTM E1758-95 Method using a-ceilulose SIGMA 
The pots in the figure below contain the final sugar recoveries for a temperature variation of 
the first step of the ASTM E1758-95. 
3ml H2SO„ 72% 0,3g a-cell. SIGMA 
Stepl 
H2S04 72%, 2h, Temperature 
T 
Mainly oligomers, but also some monomers 
84ml water I 3 L 1 
Step 2 
H2S044%, 1h, 120°C 
T Sugars solution 
Cone s 0.4% 
10 
11.7 
290 
11.7 
0.04 
ml solution 
g biomass 
g pure H2S04 
g biomass 
ml solution 
g biomass 
g pure H2S04 
g biomass 
g pure H2S04 
(- 0.3wt% biomass concentration) 
ml solution 
Figure 5-4: ASTM E1758-95 varying temperature of the first step 
100% 
90% 
80% 
- . 70% 
^ 60% 
~ 50% 
* 40% 
*" 30% 
20% 
10% 
0% 
110% -
100% 
90% 
_
8 0 % 
^ 7 0 % 
1-60% 
| 50% 
> 40% -\ 
30% 
20% 
10% 
0% 
5 10 15 20 25 30 35 40 
Temperature (°C) 
(a) 
0 5 10 15 20 25 30 35 40 
Temperature (°C) 
(b) 
Figure 5-5: Sugars recovery after ASTM E1758-95 according to temperature of the first step 
(a)glucose and (b)xylose 
Even if the first step, which is mainly a swelling with some hydrolysis of the substrate, 
produces more glucose at higher temperatures, it is not the highest step 1 temperature that 
gives the best overall (step 1 + step 2) recoveries. However, low overall recoveries were 
obtained for temperatures under 15°C. Swelling solely does not seem to be sufficient to allow 
cellulose to hydrolyze easily on the second step. Thus, a balance between temperatures for 
the first step and the second step is required. The optimal step 1 temperature is about 30°C 
as suggested by the ASTM E1758-95. 
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For xylose yields, because most of the yields are not in the range of standards xylose 
concentrations (see Annex 3), it can be roughly concluded that the yields are around 100%. 
In conclusion: 
s If the temperature at the first step treatment is too low, the cellulose chains are not 
sufficiently depolymerized so the second treatment cannot hydrolyze them 
appropriately. Too high temperature for the first step will depolymerize the cellulose in 
oligomers, but also to monomers that may degrade in the second step hydrolysis. 
•s The optimal first step temperature is assumed at 30°C. 
5.3 Acid Hydrolysis with a-cellulose SIGMA. 
A few experiments were previously done by the laboratory to check that the acid hydrolysis 
procedure would give the expected results with Cellulose Avicel PH 103 (composed of about 
100% glucose). The best yield obtained is of 85wt% glucose for the following conditions: 3g 
cellulose, 30ml H2S04 72wt%, 60min-30°C, 33ml NH4OH 28wt%, 20min-120°C (see Annex 
4). 
For the initial experiments of this project, the same volume of ammonia than the one used to 
obtain the best result from the cellulose Avicel PH 103 was used. Cellulose Avicel PH 103, 
which is almost 100% crystalline, is harder to hydrolyze than a-cellulose SIGMA, which has a 
significant amount of amorphous cellulose. Therefore, smaller quantities of mediator were 
tried and different post-hydrolysis temperatures. Figure 5-7 shows the results as a function of 
temperature and time following the ASTM E1758-95 and varying only the volume of mediator 
added. 
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30ml H2S04 72% 3g a-cell. SIGMA 
i * 
Stepl 
H2S04 72%, 2h, 30°C 
I 
Mainly oligomers, but also some monomers 
NH4OH 28% —,_ I 
Step 2 
H2SO«Conc. 1h, 120'C 
T Sugars solution 
Cone s 0.4% 
10 
11.7 
a16.7 
s9.4 
s0.7 
ml solution 
g biomass 
g pure H2S04 
g biomass 
ml solution 
g biomass 
g pure H2S04 
g biomass 
g pure H2S04 
ml solution 
(- 6wt% biomass concentration) 
Figure 5-6: Acid hydrolysis varying volume of mediator added keeping other variables as the level used 
in ASTME1758-95 
100% 
90% 
80% 
70% H 
60% 
50% 
40% 
30% 
20% 
10% 
0% 
100% 
I 
I 
NH«OH28%(ml) 15 20 25 30 35 40 45 
Conc.H2S04(%) 48 42 37 32 28 25 22 
(NH4)2S04(g) 7 10 12 14 17 19 21 
(b) 
Figure 5-7: Acid hydrolysis sugars recovery according to the volume of mediator added keeping other 
variables at the level used in ASTM E1758-95 
a)glucose and (b)xylose 
NH40H28%(ml) 15 20 25 30 35 40 45 
Conc.H2S04(%) 48 42 37 32 28 25 22 
(NH4)2S04(g) 7 10 12 14 17 19 21 
(a) 
The data about 90% glucose yields are not in the calibration range (see Annex 3). Because 
other tests were done for similar volume of mediator, these points are ignored. Thus, with 20-
25ml of mediator, giving a free acid concentration around 40%, recovers about 75% glucose 
yield. So it is not only the free acid concentration that determines the hydrolysis efficiency, 
but rather a combination of the concentration plus the amounts of protons (H+) and (NH4+) 
present. Therefore, the optimal quantity to add is somewhere between 0 exclusively and 
25ml. 
For xylose yields, because most of the yields are out of the calibration range (see Figure 
5-7), the plot (b) is ignored. 
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Next experiments vary temperature and time for the step 2 of the acid hydrolysis keeping the 
volume of mediator added constant at 25ml. 
30ml H2SO, 72% 3g a-cell. SIGMA 
1 i 
Stepl 
H2S04 72%, 2h, 30°C 
T 
Mainly oligomers, but also some monomers 
25ml NH4OH 28%—n I 
Step 2 
H2SO4 37%, time, temperature 
I Sugars solution 
Cone < 4.7% 
10 ml solution 
g biomass 
11.7 g pure H2SQ4 
g biomass 
2I8.3 ml solution 
g biomass (~ 5wt% biomass concentration) 
s8.8 g pure H2SQ4 
g biomass 
s 0.64 g pure H2SQ4 
ml solution 
Figure 5-8: Acid hydrolysis varying time and temperature of step 2 for 25ml of mediator 
90%-
80% • 
_* 70% -
^ 60% • 
- 50% -
« 40% -
*" 30% -
20% -
10% -
0% -
f -I 
0 10 20 30 40 50 60 70 
Time (mln) 
(b) 
Figure 5-9: Acid hydrolysis sugars recovery for a step 2 at 80°C with 25ml of mediator according its 
reaction time 
(a)glucose and (b)xylose 
20 30 40 50 60 70 
Time (mln) 
(a) 
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100% 
90% 
80% 
_ 70% 
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Time (min) 
(b) 
Figure 5-10: Acid hydrolysis sugars recovery for a step 2 at 1 0 0 X with 25ml of mediator according its 
reaction time 
(a)glucose and (b)xylose 
10 20 30 40 50 60 70 
Time (min) 
(a) 
For the same hydrolysis times in the range tested, glucose recoveries are about 40% higher 
for a step 2 hydrolysis at 100°C than at 80°C. Among all glucose results so far with a-cellulose 
SIGMA, the best ones are at 100°C for more than 30min producing slightly more than 80% 
yield. These results are too similar to conclude the optimal reaction time. It is already known 
that the hydrolysis efficiency varies as a function of the severity factor, which is a function of 
time, temperature, and acidity. So we can deduce that a higher reaction time at 80°C would 
probably produce a result as good as in the 100°C experiment, which gives a similar result for 
30min as with 20min at 120°C. But, because the objective is to develop an industrial process, 
100°C is a more useful temperature. Thus, the next experiments will be done at this 
temperature. Similarly to glucose yields, xylose recoveries are better for a step 2 hydrolysis at 
100°C rather than at 80°C for the same reaction time in the range tested, and the optimal 
results are for 100°C for 30-40min producing about 80% of xylose. 
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30ml H2SO4 72% 3g a-cell. SIGMA 
J/ * 
Stepl 
H2S04 72%, 2h, 30°C 
T 
Mainly oligomers, but also some monomers 
~25ml NH4OH 28%—fr| 
Step 2 
=>H2S04 37%, 30min, 100°C 
T Sugars solution 
Cone < 4.7% 
10 
11.7 
&18.3 
s8.8 
s0.64 
ml solution 
g biomass 
g pure H2S04 
g biomass 
ml solution 
g biomass 
g pure H2SO4 
g biomass 
g pure H2S04 
ml solution 
(~ 5wt% biomass concentration) 
Figure 5-11: Acid hydrolysis optimizing the volume of mediator added keeping time and temperature of 
step 2 constant at respectively 30min and 100°C 
NH4OH 28% (ml) 22 NH4OH 
37 
12 
36 35 Cone. H2SO4 (%) 40 39 38 37 36 35 Cone. H2SO4 (%) 40 39 38 
(NH4)2S04(g) 10 11 11 12 12 13 (NH4)2S04 (g) 10 11 11 12 13 
Figure 5-12: Acid hydrolysis sugars recovery according to the volume of mediator added keeping time 
and temperature of step 2 constant at respectively 30min and 1 0 0 X 
(a)glucose and (b)xylose 
Table 5-1 : Results around the best one from the a-cellulose SIGMA 
23ml of 
mediator 
040120-A 
040120-B 
040126-A 
040126-B 
Average 
Standard 
deviation 
YGLU 
wt% 
84.21 
83.05 
77.72 
77.24 
80.6 
3.59 
YxYL 
Wt% 
78.67 
77.97 
83.75 
83.77 
81.0 
3.16 
24ml of 
mediator 
040120-C 
040120-D 
040126-C 
040126-D 
Average 
Standard 
deviation 
YGLU 
wt% 
79.32 
80.48 
80.87 
80.60 
80.3 
0.68 
YxYL 
Wt% 
78.10 
80.25 
85.43 
78.56 
80.6 
3.36 
25ml of 
mediator 
030701-C 
030701-D 
040120-E 
040120-F 
040126-E 
040126-F 
Average 
Standard 
deviation 
YGLU 
Wt% 
82.98 
79.79 
81.35 
81.44 
84.49 
83.85 
82.3 
1.77 
YxYL 
Wt% 
85.66 
83.26 
82.25 
82.26 
81.31 
81.97 
82.8 
1.54 
26ml of 
mediator 
040120-G 
040120-H 
040126-G 
040126-H 
Average 
Standard 
deviation 
YGLU 
wt% 
76.89 
72.88 
85.23 
82.67 
79.4 
5.58 
YXYL 
wt% 
82.90 
82.76 
78.91 
80.00 
81.1 
2.00 
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The tests used to construct the figures and the table above are very reliable because they 
were performed on two or three different days, 2003 July 1st, 2004 January 20th and 2004 
January 26th. The optimal mediator volume is 25ml for a 30min step 2 at 100°C. 
In conclusion: 
•/ It was proved using a-cellulose SIGMA that the mediator approach for the acid 
hydrolysis could give yields higher than 80%. 
•S It was also proved using a-cellulose SIGMA that the optimal quantity of mediator to 
add will give a similar free acid concentration than the ASTM E1758-95. 
J Best conditions on a-cellulose SIGMA are: 
30ml H2S04 72% 3g a-cell. SIGMA 
4 * 
Stepl 
H2S04 72%, 2h, 30°C 
1 
Mainly oligomers, but also some monome 
5ml NH4OH 2 8 % — ^ | 
Step 2 
H2S04 37%, 30min, 100°C 
\ 
Sugars solution 
Cone £ 4.7% 
10 
11.7 
s
 18.3 
8.8 
0.64 
ml solution 
g biomass 
g pure H2S04 
g biomass 
ml solution 
g biomass 
g pure H2S04 
g biomass 
g pure H2S04 
ml solution 
(- 5wt% biomass concentration) 
Figure 5-13: Acid hydrolysis best condi t ions f e r a-cellulose SIGMA 
s This leads to the following results: 
25ml of mediator 
030701-C 
030701-D 
040120-E 
040120-F 
040126-E 
040126-F 
Average 
Standard deviation 
YGLU 
wt% 
82.98 
79.79 
81.35 
81.44 
84.49 
83.85 
82.3 
1.77 
YxYL 
wt% 
85.66 
83.26 
82.25 
82.26 
81.31 
81.97 
82.8 
1.54 
Figure 5-14: Best acid hydrolysis recoveries with a-cellulose SIGMA 
5.4 Acid Hydrolysis with a-cellulose SIGMA: Precipitate Analysis 
Glucose yields for sample 030502-A are higher than the calibration range (see Annex 3). 
Thus with an unknown level of error, all the glucose seems to pass over the filter, therefore 
the precipitate is not composed of glucose. By washing the filtrate with 100ml of water, about 
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75% is therefore soluble but it is not composed of monomeric sugar. Traces of glucose have 
been found in Filtrate 2, and that presence was probably due to the moisture content of the 
precipitate that had some glucose with it. Because the precipitate is formed when the solution 
is cool down, and also because it was already deduced that the dark color was due to a 
ketone function of the open form of the carbons cycle at the chain end, the precipitate is 
probably some form of oligomer. Also, it was observed that the precipitates form filaments 
probably because of some hydrogen bonding, and they are not really insoluble but rather 
coagule into filaments (i.e. fibrils) in the bottom of the flasks. At least 75% of those oligomers 
are small enough to be solvated, the rest being probably longer carbohydrate chains. 
Table 5-2: Precipitate analysis 
Sample 030502-A 
Filtrate 1 
Deposit 1 
Water 
Filtrate 2 
Deposit 2 
V 
(ml) 
25 
= 25 
100 
= 100 
W 
(g) 
0,8916 
0,2245 
WGLU 
(g) 
0,5127 
0,6194 
0.0000 
0,0245 
In conclusion: 
•s The precipitate is formed of at least 75% of soluble oligomers. 
5.5 Acid Hydrolysis with GRTPC Cellulose. 
Optimal acid hydrolysis conditions for a-cellulose SIGMA are shown on Figure 5-16. Our 
strategy was to keep conditions constant, and solely adjust the volume of mediator added to 
the GRTPC cellulose. It is shown on Annex 5 that grinding at 2mm does not degrade 
cellulose. Because the GRTPC cellulose composition is very low in xylose (92.2wt% glucose, 
2.4wt% xylose, 5.4wt% lignin), only glucose recoveries will be discussed. 
43 
30ml H2S04 72% 3g GRTPC cell. 
Stepl 
H2SO, 72%, 2h, 30"C 
T 
Mainly oligomers, but also some monomers 
NH4OH 28%-qJ, 
Step 2 
Cone. H2SO4, 30min, 100°C 
T 
10 
11.7 
s16.7 
s9.4 
s0.7 
ml solution 
g biomass 
q pure H2S04 
g biomass 
ml solution 
g biomass 
g pure H2S04 
g biomass 
g pure H2S04 
(- 6wt% biomass concentration) 
Sugars solution 
Cone £ 5.0% 
ml solution 
Figure 5-15: Acid hydrolysis on the 2mm ground GRTPC cellulose varying the volume of mediator added 
NH4OH 28% (ml) 10 15 20 25 30 35 40 45 
Cone. H2S04 (%) 55 47 42 37 32 28 25 22 
(NH4)2S04(g) 5 7 10 12 14 17 19 21 
Figure 5-16: Acid hydrolysis glucose recovery on the 2mm ground GRTPC cellulose according to the 
volume of mediator added 
Table 5-3: Acid hydrolysis recoveries with the 2mm grinded GRTPC cellulose 
18ml of mediator 
040312-C 
040312-D 
Average 
Standard deviation 
YGU 
wt% 
81.74 
81.23 
81.5 
0.36 
20ml of mediator 
040312-E 
040312-F 
Average 
Standard deviation 
YClJ 
wt% 
80.28 
83.34 
81.8 
2.16 
The best results obtained from the 2mm ground GRTPC cellulose are about the same as 
obtained with a-cellulose SIGMA (82.3% glucose, standard deviation 1.77%). Less volume of 
mediator is needed, so the free acid concentration is higher. The 2mm ground GRTPC 
cellulose is then slightly harder to hydrolyze than a-cellulose SIGMA. 
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100% 
90% 
80% 
70% 
60% 
50% 
40% 
30% ^ 
20% 
10% 
0% 
NH<OH 28% (ml) 10 15 20 25 30 35 40 45 
Cone. H2SO« (%) 55 47 42 37 32 28 25 22 
(NH4)2S04(g) 5 7 1012 14 17 19 21 
Figure 5-17: Acid hydrolysis glucose recovery for the different sizes and forms of GRTPC cellulose 
It has been concluded that a 2mm grinding does not degrade cellulose compared to the 
defibrillated cellulose. New information is shown in Figure 5-17: cellulose that did not receive 
any treatment produces higher yields and good reproducibility. The raw samples were easier 
to hydrolyze than a homogenous blend of GRTPC cellulose. In fact, the raw GRTPC cellulose 
obtained from the separation process is formed of fines and also of cellulose fibers and lumps 
(one or two centimeters length and less than half a centimeters in diameter). GRTPC cellulose 
should be characterized according to its size to see if it is possible to increase yield by using 
only a fraction of the GRTPC cellulose. 
In conclusion: 
S Best conditions with 2mm ground GRTPC cellulose: 
30ml H2S04 72% 3g GRTPC cell. 
k * 
Stepl 
H2SO„ 72%, 2h, 30°C 
T 
Mainly oligomers, but also some monomers 
20ml NH4OH 28% — ^ | 
Step 2 
H2S04 42%, 30min, 100°C 
T Sugars solution 
Cone <, 5.0% 
10 ml solution 
11.7 
16.7 
9.4 
0.7 
g blomass 
g pure H2S04 
g blomass 
ml solution 
g biomass 
g pure H2S04 
g blomass 
g pure H2S04 
ml solution 
Figure 5-18: Acid hydrolysis best conditions for the 2mm ground GRTPC cellulose 
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s This leads to the following results: 
Table 5-4; Best acid hydrolysis recoveries with the 2mm ground GRTPC cellulose 
20ml of mediator 
040312-E 
040312-F 
Average 
Standard deviation 
YGLU 
wt% 
80.28 
83.34 
81.8 
2.16 
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CHAPTER 6 
ACID HYDROLYSIS: CONCLUSION 
Lignocellulosics represent an interesting prospect for production of ethanol: the possibility of 
producing low cost sugars from their carbohydrate fractions (hemicelluloses and cellulose) is 
the key to favorable economics and a sustainable ethanol industry. 
The sequential fractionation process (FIRSST) developed earlier by our group allows the 
separation of each constitutive families of biomass, with the objective to transform them into 
added-value products. The cellulose-rich substrate isolated from this process can be 
hydrolyzed into glucose, which can be fermented into ethanol. 
This research focused on cellulose hydrolysis with the aim to produce high yields of sugars 
from cellulose. Initially, we used a-cellulose SIGMA to develop the methodology and obtain 
reproducible results. Afterwards, the cellulose-rich substrates produced in the lab via the 
FIRSST process were used. 
It was known, at the inception of the research work that the "swelling" step of the ASTM 
E1758-95 method, named "Determination of carbohydrates in biomass by HPLC," hydrolyzes 
cellulose to the monomers at the right "swelling" temperature range. We have shown that at a 
lower temperature range monomers are not produced during the "swelling" step, leaving the 
cellulose substrate fractured and accessible for high yields of glucose after the completed 
process. 
The innovation proposed by the group and explored quantitatively in this research project was 
to use a mediator to decrease the acid free concentration for the hydrolysis step, instead of 
using water to dilute the acid as proposed by the ASTM method. The optimization, keeping 
the ASTM method parameters constant, has proven that the use of the mediator can achieve 
similar sugar recoveries when compared to the dilution method. 
There is a range where equivalence exists between time-temperature and acid concentration. 
Therefore, tests were done to decrease the hydrolysis temperature and time to generate 
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useful data for industrial purposes. From experimentation, 30min at 100°C gave reasonable 
results. The final optimization of the free acid concentration with a-cellulose SIGMA gave 
(82.3±1.77) wt% of glucose recovery. 
It was then important to prove that the innovation can also be applied to the cellulose-rich 
substrate produced by our group. The procedure used the same "swelling" and hydrolysis 
parameters with a re-optimization of the free acid concentration to adjust the process to the 
substrate. The optimum conditions produced (81.8±2.16) wt% as glucose recovery. 
The results obtained by this research have demonstrated a really interesting potential for 
industrial production of sugars from cellulose-rich substrate. Furthermore research to 
complete the ethanol production process would need to focus on the recovery of the mediator 
and the sulfuric acid. 
The mediator used in this research was NH4OH (obtained from NH3 and water), which 
produced a sugar solution about 4wt%. Furthermore pilot essays should prove that NH3 alone 
can produce as good sugar yields as NH4OH, leading to a more concentrated sugar solution. 
Also, since the ammonium salt produced represents a significant percentage of the total 
weight, its removal will further concentrate the sugar solution. 
The economic viability of the process is based on the capacity to separate the salt from the 
sugar solution, and particularly on the ability to recover the mediator and the acid. Further, 
research will follow that objective. 
An alternative is to explore other mediators, which could produce as good sugar recoveries as 
NH4OH and additionally produce an insoluble salt to simplify the separation. That salt also 
needs to be easily decomposable to simplify the acid and mediator recoveries. 
Overall, the approach developed in this research represents a significant fundamental 
advance in the global objective of producing ethanol from biomass. 
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CHAPTER 7 
ENZYMATIC HYDROLYSIS: EXPERIMENTAL PROCEDURES 
7.1 Enzymatic Hydrolysis Procedure 
The enzymatic hydrolysis procedure is based upon the method LAP-009 Enzymatic 
Saccharification of Lignocellulosic Biomass implemented at the National Renewable Energy 
Laboratory of the United-States, NREL. The required substrate weight must be first 
determined to obtain 1g of cellulose for this procedure. In addition, 1g/L of sodium azide is 
used to prevent any bacterial contamination. The required amount of sodium citrate buffer 
0.05M pH 4.8 is calculated as follows: 
''Buffer = - " J ' ' " - vSubstrate Moisture Content "~ *Sodium Azide Concentrated Solution — vEnzyme Solutions \ ' m ' t 
This solution is incubated for at least 30min at 50°C before the enzyme solutions are 
incorporated to the mixture to initiate the reaction. Samples of 0.5ml each are then taken 
regularly. Ten percent of the initial volume, or a maximum of 10 samples, is normally 
considered an acceptable sampling. Every time a sample is taken; it is immediately filtered 
using a 0.2um nylon filter. When the HPLC is available, the samples are diluted, cooled down 
to room temperature, and analyzed using the HPLC. When it is not available, the samples are 
frozen, and subsequently unfrozen for their HPLC analysis. 
The enzymatic hydrolysis variables are: type of substrate, enzymatic loading: quantity used 
per gram of cellulose and ratio between the two enzymes used. The B-glucosidase loading is 
kept constant because it is only used in excess to transform the cellobiose in glucose, which 
is the variable analyzed. The enzymatic loading by flask for each type of substrate is shown 
on Annex 6. 
The lignocellulosic substrates (13.6% lignin and 3.4%lignin) produced at the laboratory need 
to be homogenized without drying to ensure that the physical properties are not altered. 
Approximately 100g of substrate is mixed in a blender with 1L of sodium citrate buffer 0.05M 
pH 4.8 for 30sec. The mixture is then filtered through a fiberglass filter to remove the excess 
buffer. 
49 
7.2 Characterization of the Substrates 
Five substrates are tested by the present project: 
Table 7-1: Substrates 
1 
2 
3 
4 
5 
Substrate name 
Avicel 
ct-cellulose SIGMA 
GRTPC 13.4%L 
GRTPC 3.6%L 
GRTPC MCC 
Details 
~50nm, Fluka Biochemika 11365, Ec No. 
2326749, Lot&Filling code 45186/1 
24703245 
a-Cellulose SIGMA C-8002, Lot 
109H0195, Ec No. 232-674-9, [9004-34-6] 
Produced by the GRTPC lab from a 
populus tremuloides 
Produced by the GRTPC lab from a 
populus tremuloides 
Produced by the GRTPC lab from a 
populus tremuloides 
Comments 
Considered 
100% crystalline, 
100% glucose, 
will be compared to the GRTPC MCC 
Considered about 
70% crystalline - 30% amorphous, 
86% glucose - 14% xylose, 
will be compared to the GRTPC 13.4 and 3.6%L 
Considered about 
70% crystalline - 30% amorphous, 
13.4% lignin - 86.6% glucose, 
will be compared to the a-cellulose SIGMA 
Considered about 
70% crystalline - 30% amorphous, 
3.6% lignin - 96.4% glucose, 
will be compared to the a-cellulose SIGMA 
Considered 
100% crystalline, 
100% glucose, 
will be compared to the Avicel 
The ashes and moisture contents are determined by the equations bellow. At least two 
samples of each substrate are weighed, left overnight in an oven at 105°C to evaporate the 
moisture or 575°C to reduce it to ash, and weighed again. 
Ashes = Wfir 
W 
Moisture Content = Winilial Wflnal 
W,ni 
(7-2) 
(7-3) 
Sugars composing the substrates are analyzed according to the ASTM E1758-95 
(Determination of Carbohydrates in Biomass by High Performance Liquid Chromatography). 
Standards were regularly analyzed within a sequence of unknowns. Two or five sugars are 
utilized depending on the HPLC sugars separation method, and at least five different 
concentrations are used to plot the calibration curve. To increase the precision of the HPLC 
analyses, fucose was added to the unknown samples and to the standard solutions as an 
internal standard. The area of each sugar peak, for the unknowns and the standards, is 
divided by the fucose area corresponding to the same sample. These ratios relate the 
standard sugar concentrations to the unknown sugar concentrations, which are transformed 
into weights by multiplying by the sample volume and the dilution factor used for HPLC 
analysis. Substrate compositions are calculated from the substrate dry weight multiplied by 
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the molar factor according to the equations. Then, the yields are normalized to 100% or 
100%-Cugnin- More details about HPLC conditions are presented in Table 7-2. 
w, 
% of the substrate composed of 5 carbons sugar i = 
% of the substrate composed of 6 carbons sugar j = 
5 carbons sugar i recovered 
132.115 
150.130 
Wr Dry Substrate 
w, 6 carbons sugar j recovered 
162.141 
180.156 
Wni 
(7-4) 
(7-5) 
Table 7-2: Properties of DIONEX HPLC 
Brand 
Analytical columns 
Solvent 
Flow rate 
Sample volume 
Detector 
Electrode 
Storage solution 
DIONEX 
CarboPac PA10 (4X250mm) 
and CarboPac Guard PA10 (4X50mm) 
18mM NaOH 
1.0ml/min 
26ul 
ED40, pulsed electrochemical detection 
Gold, quadruple waveform 
18mM NaOH 
The lignin content of GRTPC lignocellulosic substrate is determined by the ASTM E1721-01 
(Determination of Acid Insoluble Lignin in Biomass) and considered as being null for a-
cellulose SIGMA. 
Table 7-3: Substrates properties 
Substrate 
Avicel* 
a-cellulose SIGMA 
GRTPC 13.4%L 
GRTPC 3.6%L 
GRTPC MCC 
Humidity 
2.9% 
3.8% 
82.5% 
89.2% 
85.9% 
Ash 
0.7% 
0.2% 
0.2% 
0.2% 
Normalized composition 
Glucose 
100% 
84.9% 
86.6% 
96.4% 
100% 
Xylose 
0% 
15.1% 
0%" 
0%"* 
0 % " " 
Lignin 
0% 
0% 
13.4 
3.6 
0% 
* Has not been analyzed by HPLC but assumed to be 100% glucose 
" The composition of xylose, which is 1.6%, is neglected 
*** The composition of xylose, which is 1.4%, is neglected 
**** The composition of xylose is neglected 
7.3 Characterization of the Enzymes 
The protein content is evaluated from the nitrogen content determined by a CHNOS analyzer. 
First, 1ml of each enzymatic solution is dried to determine the total solids content. Then, the 
nitrogen content is analyzed by the CHNOS analyzer using aspartic acid for the calibration. To 
evaluate the crude protein content, the total nitrogen content is simply multiplied by 6.25. 
Three replicates were analyzed as shown in Annex 7. 
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There are many possible ways to analyze the different types of hydrolytic activities for an 
enzyme solution. All of them are difficult to reproduce. So the numbers presented in Table 7-4 
are given for relative comparisons within this project, but they have not been further analyzed. 
Table 7-4: Enzymes 
Enzyme 
name 
SP 
342 
188 
Details 
SpezymeOCP* 
Novozym®342 
Novozym®188 
Hydrolytic activity is 
considered as being 
mainly... 
Endo 
Exo 
B-glucosidase 
Relative 
activity** 
30 FPU/ml 
120 CMC/ml 
400 CBU/ml 
Total solid 
content 
(mg/ml) 
303 
479 
497 
Total nitrogen 
content 
(mg/ml) 
16 
31 
8 
Crude protein 
content 
(mg/ml) 
99 
196 
50 
Used in the CAFI project 
Have not been measured 
7.4 Evaluation of the Process Efficiency 
The process efficiency is related to the glucose recovery. The amount of glucose recovered is 
calculated from the chromatograms of the HPLC whose characteristics are shown in Table 
7-5. Standards were regularly analyzed within a sequence of unknown samples. At least two 
different concentrations are used to define the calibration curve. To increase the precision of 
the HPLC analyses, fucose was added to the sample being analyzed and to the standard 
solutions as an internal standard. The area of each glucose peak, for the unknown samples 
and for the standards, is divided by the fucose area corresponding to the same sample. These 
ratios relate the standard glucose concentrations to the unknown glucose concentrations, 
which are transformed into weights by multiplying by the corrected total test volume and the 
dilution factor used for the HPLC analysis. Glucose yields are calculated from the dry weight 
of the substrate, the normalized percentage of glucose in the substrate (see Table 7-3), and 
the molar correction factor (162.141/180.156) as shown in the following equation: 
162.141 
180.156 
Ws, ' ( l -%Moistura) '%GLU 
(6 .1) 
Table 7-5: HPLC Charac te r is t ics 
Brand 
Refractometer 
Column 
Flow rate 
Waters Separations Module 2695 (Milford, MA) 
Waters 2414 Refractometer 
Aminex HPX-87P column (Bio-Rad, Hercules, CA) 
0.6mL7min 
A correction of the test volume is done to take the non-uniformity of sampling into account. 
The initial volume is 50ml, and 10 samples of 0.5ml are taken. If these samples were totally 
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uniform, it would be correct to always multiply by 50ml to calculate the glucose recoveries. 
This is possible for Avicel and a-cellulose SIGMA because of their very small particle size. 
However, if the samples are not uniform, they contain varying amounts of water. And if most 
particles stay in the flask, the sugar solution will become more concentrated by removing 
0.5ml at each sampling. Because the composition of the samples is somewhere between two 
extremes (no solids removed and the overall solids removed), the glucose recoveries are 
calculated assuming the sugars solutions were getting more concentrated of 0.25ml at each 
sampling. 
Table 7-6: Test volume corrected according to the substrate 
Sample 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Avicel 
a-cellulose SIGMA 
50ml 
50ml 
50ml 
50ml 
50ml 
50ml 
50ml 
50ml 
50ml 
50ml 
GRTPC 13.4L 
GRTPC 3.6L 
GRTPC MCC 
50.00ml 
49.75ml 
49.50ml 
49.25ml 
49.00ml 
48.75ml 
48.50ml 
48.25ml 
48.00ml 
47.75ml 
7.5 Procedure of Evaluation of the Non-Uniform Sampling 
For each GRTPC substrate, an enzymatic addition (corresponding to the flask C loading in 
Annex 6) was performed without regular samplings. Two tests were done for each substrate; 
one was stopped after 3 days and the other after 7days. The sugar recoveries are to be 
compared to the sugar recoveries obtained by the enzymatic hydrolysis procedure explained 
in section 7.1. No modification of the results will be done, but rather, a critical analysis of the 
validity of the results will be provided. 
7.6 Procedure of Comparison between Wet and Dry Substrate 
Each GRTPC substrate is dried for 2 weeks with ambient air. An enzymatic hydrolysis, with a 
loading corresponding to the flask C on Annex 6, was performed on the dried substrates. Two 
tests were done for each substrate; one was stopped after 3 days and the other after 7days. 
One sample is taken by flask, only at the end of the reaction time. The sugar recoveries are to 
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be compared to the sugar recoveries obtained by the enzymatic hydrolysis procedure 
explained in section 7.5. 
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CHAPTER 8 
ENZYMATIC HYDROLYSIS: RESULTS 
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Figure 8-1: Enzymatic hydrolysis on Avicel 
Legend: 
Enzymatic loading in 
mg protein / g cellulose of 
SpezymOCP 
Novozym®342 
Novozym®188 
a 50: 0 :3 
X 50: 6 :3 
0—50:12 :3 
ft 50:25:3 
0 — 5 0 : 4 9 : 3 
- - B - - - 2 5 : 0 :3 
- -X- • - 2 5 : 6 :3 
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Figure 8-2: Enzymatic hydrolysis on GRTPC MCC 
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8-3: Enzymatic hydrolysis on a-cellulose SIGMA 
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Figure 8-4: Enzymatic hydrolysis on GRTPC 3.6% lignin 
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Figure 8-5: Enzymatic hydrolysis on GRTPC 13.4% lignin 
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CHAPTER 9 
ENZYMATIC HYDROLYSIS: ANALYSIS OF THE RESULTS 
9.1 Introduction to the Design of Experiment 
The approach is to study the effects of 4 different factors. The first factor (Factor A) is the type 
of substrate to hydrolyze. Two of the substrates chosen are among the most commonly used 
in research: Avicel (Level 1) and a-cellulose SIGMA (Level 2). It is expected that their 
utilization will allow reproducible results and will show the effects of two types of cellulose: 
Avicel being the prototype of crystalline cellulose and a-cellulose SIGMA having an 
amorphous fraction about 30%. One of the points is to measure whether "industrial-like" 
substrates from fractionation (see Figure 3-1) behave as the cellulose produced for fine 
chemical needs. Contrary to industrial substrates, Avicell and a-cellulose SIGMA go through 
several treatments producing cellulose with a high level of purity, with a loss of amorphous 
cellulose in the process. The industrial-like processes already developed by the GRTPC can 
produce lignocellulosic substrates, of different lignin contents and different physical properties, 
with yields higher than 90wt% cellulose. For this project, the cellulose substrates are derived 
from Populus Tremuloides. The substrates are stocked wet to reproduce the conditions of a 
complete industrial process from wood fractionation. Three GRTPC substrates are used in 
this project: GRTPC cellulose 13.4% lignin (Level 3), GRTPC cellulose 3.6% lignin (Level 4), 
and GRTPC microcrystalline cellulose (Level 5). Substrates 3 and 4 are composed of 
crystalline and amorphous cellulose. Substrate 5, similar to Avicel, is composed mainly of 
crystalline cellulose. 
The second factor analyzed (Factor B) is the Spezym®CP loading. This enzyme activity on 
cellulose is mainly endo-P-gluconase. According to the literature, 15FPU is considered as the 
maximum loading economically acceptable giving good glucose recoveries. 50FPU 
correspond to about 50mg Spezym®CP protein / g cellulose as shown in Annex 6 and Annex 
7. Three different loadings are then chosen (mg protein/g cellulose): 50 (Level 1), 25 (Level 2) 
and 0 (Level 3). 
The third factor analyzed (Factor C) is the Novozym®342 loading. This enzyme activity on 
cellulose is mainly exo-p-gluconase. Five different levels are used (mg protein/g cellulose): 0 
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(Level 1), 6 (Level 2), 12 (Level 3), 25 (Level 4) and 49 (Level 5). For a Spezym®CP loading 
of 0, only a mid-point and the extremes (0 and 49 mg protein/g cellulose) are tested knowing 
that it will not recover much glucose. 
As explained in 7.1, the p-glucosidase activity was provided by a Novozym®188 constant 
loading for each test at 3 mg protein/g cellulose. 
The last factor analyzed (Factor D) is time. This factor has between 7 to 10 levels varying 
from 6 hours to 360 hours. In addition, the samplings are not done exactly simultaneously for 
the different tests. 
The response, the glucose recovery (Y1), is calculated as explained in section 7.4. 
9.2 Results the Design of Experiment 
All the 4 factors were successfully tested at the different levels giving 575 responses. No data 
were eliminated, but some experimental mistakes (mainly problems with the HPLC analysis) 
explain why some results (36) are missing. Because of technical restrictions, the tests were 
done on 5 different blocks, one for each substrate (Factor A). So the factor A is confounded 
with the blocks. The assumption of no significant difference in the test parameters between 
the blocks, causing the difference between the blocks to only be due to the variation on factor 
A or random errors, needs to be performed to be able to analyze the effect of the factor A. 
Therefore, the statistical analysis is then done considering that all tests were done in one 
block. Nevertheless, all the loadings (factor B and C) were done at once (which is perfect for a 
statistical analysis). Multi-samplings were taken from the same flask as function of time (factor 
D). It is then obvious that this factor was not randomly analyzed, and therefore, some errors 
may be introduced. To verify this, a replicate of one loading (one combination of factors B and 
C) by substrate (factor A) are done for two different times (factor D) in different flasks, running 
all at once. The results are discussed separately in section 9.3. 
The statistical analysis is performed using the software Design-Expert Version 6.0.10 
provided by Stat-Ease, Inc. The design status is shown on Table 9-1. The quadratic 
sequential model sum of squares is chosen to give the highest number of significant terms 
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without being aliased (Table 9-2). Further, the best model to maximize the adjusted and the 
predicted R-squared is the quadratic one (Table 9-3). The quadratic model includes variations 
depending on the factors, but also from the interactions up to the second order. Afterwards, it 
is important to know whether the data follow a normal distribution or not. The Box-Cox method 
calculates the transform that would stabilize the variance of the response, make the response 
distribution form closer to the normal distribution and improve the fit of the model to the data. 
According to Figure 9-1, the data distribution follows the Poisson distribution, so the square 
root transform is used (Y1*= ). The analysis of variance (ANOVA) of the response is 
significant at 0.01% as shown in Table 9-4: Model summary statistics. The interactions AC 
(Prob > F = 47.96%) and CD (Prob > F = 22.28%) are removed because the probability of 
observed variations resulting from random errors is too high. 
The interaction between the type of substrate and the Novozym®342 loading (AC) is not 
significant. It means that the variation on the glucose yields resulting from the AC interaction 
will be smaller than the variation introduced by random errors. Thus, the level of 
Novozym®342 loading that gives the highest recovery will be the same for each substrate, 
and vice versa. 
The interaction between the Novozym®342 loading and the time (CD) is also not significant. It 
means that the Novozym®342 loading that gives the highest recovery at a specific reaction 
time is also going to give the highest recovery at another reaction time, and vice versa. 
DESIGN-EXPERT Plot 
Glucose Recovery 
Lambda 
Current = 1 
Best = 0.53 
Low CI. = 0.47 
High CI. = 0.6 
Recommend transform: 
Square Root 
(Lambda = 0.5) 
k = 0.00959879 
(used to make 
response values 
positive) 
Figure 9-1: Box-Cox 
Box-Cox Plot for Power Transforms 
Lambda 
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Table 9-1: Design summary 
Study Type Factorial 
Initial Design Full Factorial 
Design Model Reduced 2FI 
Experiments 57S 
Blocks No Blocks 
Response 
Y1 
Factor 
A 
B 
C 
D 
Name 
Glucose Recovery 
Name 
Susbtrate 
Spezym(R)CP Loading 
Novozym(R)342 Loading 
Time 
Units 
Units 
ma protein / g 
Obs 
575 
Type 
Categorical 
cellulose Numeric 
mg protein /a cellulose Numeric 
Hour Numeric 
Minimum 
0.000 
Low Actual 
Avlcel Ce8. 
0.000 
0.000 
0.000 
Maximum 
0.96 
High Actual 
Trans 
None 
Low Coded 
GRTPC Cell. MC< 
50.00 
49.00 
360,00 
-1.000 
-1.000 
-1.000 
Model 
No model chosen 
High Coded 
L 
1.000 
1.000 
1.000 
evels: 5 
Table 9-2: Sequential model sum of squares 
Source 
Mean 
Linear 
2FI 
Quadratic 
Cubic 
Residual 
Total 
Sum of 
Squares 
172.10 
36.27 
0.67 
11.36 
1.88 
1.39 
223.65 
OF 
1 
7 
15 
2 
33 
516 
575 
Mean 
Square 
172.10 
5.18 
0.044 
3.79 
0 057 
2.686E-QQ3 
0.39 
F 
Value 
192.12 
1.67 
63559 
21.25 
Prob>F 
« 0.0001 
0.0522 
«n.QQ01 
« 0.0001 
Suaaesfed 
Aliased 
Table 9-3: Model summary statistics 
Source 
Linear 
2FI 
Std. 
Dee. R-Squared 
0.16 
0.16 
1077 
0.052 
0.7034 
0.7163 
0.9366 
0.9731 
Adjusted 
R-Squared 
0.6993 
0.7050 
0.9337 
0.9701 
Predicted 
R-Squared 
0.6949 
0.6910 
0.9301 
0.9653 
PRESS 
15.73 
15.93 
3.60 
1.77 
Suaoested 
Aliased 
Table 9-4: Model summary statistics after the transform 
Source 
Model 
Residual 
Cor Total 
A 
B 
C 
D 
& 
0> 
& 
AB 
AD 
BC 
BO 
Sum of 
Squares 
44.57 
0.30 
28.38 
0.18 
1.84 
11.51 
o.tm 
0 50 
on 
0.055 
0.31 
0.075 
1.90 
46.46 
DF 
20 
4 
1 
1 
1 
1 
1 
1 
4 
4 
1 
1 
5S4 
574 
Mean 
Square 
2.23 
0.076 
28.3a 
0.18 
1.84 
11.51 
0.063 
0.50 
0.039 
0.014 
0.31 
0.075 
3.422F.-003 
F 
Value 
651.11 
22.21 
6293.48 
52.89 
538.01 
3363.39 
20.11 
145.84 
11.2S 
4.05 
90.10 
21.84 
Prob>F 
« 0.0001 
< 0.0001 
< 0.0001 
« 0.0001 
« 0.0001 
« 0.0001 
« 0.0001 
< 0.0001 
< 0.0001 
0.0030 
< 0.0001 
< 0.0001 
significant 
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The sum of square indicates the total variability of a factor. Therefore, the Spezym®CP 
loading (Factor B and B2) is the one having the most influence on the glucose recovery. 
Actually, it confirms what can be concluded directly from the results of on Chapter 7. The 
hydrolysis is minimal without any SpezyrrKDCP loading, and can reach high yields, up to 95%, 
with 25 or 50 mg protein/g cellulose. The second factor being the most influent on the 
response is the time. Again, it could have been easily deduced from Chapter 7. Almost 
equally significant, the interaction Spezym®CP loading with Novozym®342 (Interaction BC) 
and the type of substrate (Factor A) are the third factors being the most influent. 
The optimization of the process is done by setting the maximum recovery as the highest 
importance level of +++++, follow by the minimum time, Spezym®CP loading and 
Novozym®342 loading, all three at a level of +. The optimized conditions are shown on Table 
9-5. Yields between 81-92% can be obtained with any substrates if there is between 30-32 mg 
protein / g cellulose of Spezym®CP, no Novozym®342 and a reaction time of about 4 to 5.5 
days. To decrease that reaction time, the importance level of factor D can be increased as 
shown on Table 9-6. The reaction time is decreased to 2.7-4.0 days, but the yields are also 
decreased to 75-85% for the same range of enzymatic loading. For all 20 optimization results, 
the purest substrates give the highest recoveries. Otherwise, all five of them can give good 
desirability (between 0.79-0.83). 
Table 9-5: Optimization with Y*(max/+++++), B(min/+), C(min/+) and D(min/+) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Susbtrate 
Avicel Cell. 
Avicel Cell. 
Avicel Cell. 
Alpha-Cell. SIGMA 
Alpha-Cell. SIGMA 
GRTPC Cell. MCC 
GRTPC Cell. MCC 
GRTPC Cell. 3.6% Lignin 
GRTPC Cell. 3.6% Lignin 
GRTPC Cell. 13.4% Lignin 
SpezymOCP 
Loading 
30 
30 
31 
31 
31 
31 
31 
30 
30 
32 
«Jovozym®342 Loadins 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Time 
130 
131 
127 
100 
106 
111 
109 
120 
118 
116 
Glucose 
Recovery 
92% 
92% 
92% 
86% 
87% 
86% 
85% 
85% 
84% 
81% 
Desirability 
0.83 
0.83 
0.83 
0.82 
0.82 
0.82 
0.82 
0.82 
0.82 
0.80 
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Table 9-6: Optimization with Y*(max/+++++), B(min/+), C(min/+) and D(min/++) 
1 
2 
3 
4 
5 
6 
7 
8 
g 
10 
Susbtrate 
Alpha-Cell. SIGMA 
Alpha-Cell. SIGMA 
Avicel Cell. 
GRTPC Cell. MCC 
GRTPC Cell. MCC 
GRTPC Cell. 3.6% Lignin 
GRTPC Cell. 3.6% Liqnin 
GRTPC Cell. 3.6% Lignin 
GRTPC Cell. 13.4% Lignin 
GRTPC Cell. 13.4% Lignin 
SpezymOCP 
Loading 
31 
31 
30 
31 
30 
30 
31 
31 
32 
32 
vlovozym®342 Loading 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Time 
67 
65 
95 
78 
75 
87 
87 
90 
83 
81 
Glucose 
Recovery 
80% 
80% 
85% 
80% 
78% 
79% 
80% 
80% 
76% 
75% 
Desirability 
0.82 
0.82 
0.81 
0.81 
0.81 
0.80 
0.80 
0.80 
0.79 
0.79 
9.3 Reproducibility of the Results 
To know whether an error is introduced by the multi-samplings, separate tests were done as 
explained in section 7.5. The results are presented on Figure 9-2. Two of the three substrates 
show higher yields using the single sampling method; the third substrate shows lower yields. 
Also, the order shown for the type of substrate order versus recovery is not the same for the 
multi-sampling method than for the single sampling method. It can thus be concluded from 
this graph that the level of variance, or the uncertainty on the results, is high. It is impossible 
to say whether this is resulting from the sampling method, or if it is intrinsic to the procedure. 
100% 
90% 
80% 
70% -
~ 60% 
£ 50% 
§ 40% 
O 
30% 
20% 
10% -
0% 
Legend: 
^__^^—-"* „ Substrate and 
'T^Z---^ Enzymatic loading in 
°"~ /•' mg protein / g cellulose of 
,<-fr^=;~~~^ 50 SP, 25 NOV0342, 3Novo188 
' • / 
i / 50 SP, 25 NOV0342, 3 Novol 88 
/.' —o— MCCWet 
•',' 50 SP, 25 Novo342, 3 Novol 88 
i 
13.4%LWet 
50 SP, 25 Novo342, 3 Novol 88 
Multi-samplings 
3.6%LWet 
50 SP, 25 Novo342, 3 Novol 88 
Multi-sampling 
MCCWat 
50 SP, 25 Novo342, 3 Novol 88 
, , ,
 r , , , , , 7 ,.. Multi-sampling 
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 
Time elapsed (day) 
Figure 9-2: Multi-samplings vs one sample by flask 
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9.4 Dried VS Wet Substrate 
Figure 9-3 shows that the GRTPC cellulose 13.4% lignin has significantly better recoveries for 
the dried substrate. That substrate being the less uniform, the difference observed is probably 
due to the difference on the initial substrate composition more so than the moisture content. 
The wet substrate sample is probably higher on lignin content than the dried one. Similarly, 
the GRTPC 3.6% lignin substrate being less uniform, the difference between the wet and the 
dried substrate is smaller than with the GRTPC 3.4% lignin substrate. Moreover, there is no 
difference between the wet and the dried substrates for the GRTPC MCC substrate (0% 
lignin). 
Legend: 
Substrate and 
Enzymatic loading in 
mg protein / g cellulose of 
—•— 13.4%LWet 
50 SP, 25 Novo342, 3 NOV0188 
-» -3 .6%LWet 
50 SP, 25 NOV0342, 3 NOV0188 
—*— MCC Wet 
50 SP, 25 Novo342,3 Novo188 
—o-13.4%LDry 
50 SP, 25 NOV0342,3 Novo188 
—o-3.6%LDry 
50 SP, 25 NOV0342,3 Novo188 
—Or- MCC Dry 
50 SP, 25 Novo342, 3 Novo188 
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 
Time elapsed (day) 
Figure 9-3: Dried vs wet substrate 
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CHAPTER 10 
ENZYMATIC HYDROLYSIS: CONCLUSION 
Lignocellulosics represent an interesting prospect for production of ethanol: the possibility of 
producing low cost sugars from their carbohydrate fractions (hemicelluloses and cellulose) is 
the key to favorable economics and a sustainable ethanol industry. 
The sequential fractionation process (FIRSST) developed earlier by our group allows the 
separation of each constitutive families of biomass, with the objective of transforming them 
into added-value products. The cellulose-rich substrate isolated from this process can be 
hydrolyzed into glucose, which can be fermented into ethanol. The FIRSST process allows 
the preparation of cellulose-rich substrate at different lignin contents. Also, the 
depolymerization process, following the FIRSST process, was developed by our group to 
produce microcrystalline cellulose. 
The approach of this research project was to use the substrates produced by our group and 
evaluate whether or not their enzymatic hydrolysis is preferred (less enzyme and less time) 
over processes with high-purity cellulose (a-cellulose SIGMA and Avicel). Also, the cross-
synergism is studied using Novozym®342 as the exo enzyme, and Spezym®CP as the endo 
enzyme, keeping the p-glucosidase enzymatic loading constant. 
A statistical analysis was performed on the results. It was clearly established that the 
Spezym®CP loading has the most significant influence on glucose recovery. The second 
most influential factor is time. The type of substrate and the interaction of the exo-endo 
enzyme have a little influence on the enzymatic hydrolysis compared to the SpezymOCP 
loading and time. 
From those results, it can be deduced that the factor limiting the enzymatic hydrolysis of 
cellulose is the crystallinity. Each substrate tried in this project has an important proportion of 
microcrystalline cellulose; the substrates need a loading and a reaction time in, approximately, 
the same range for a same glucose recovery. It can thus be inferred that the microcrystalline 
fraction controls the hydrolysis. The physical properties, different lignin loading and the ratio 
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amorphous/crystalline cellulose, do not significantly influence enzymatic hydrolysis; the 
limiting factor to enzymatic hydrolysis is the crystallinity. 
Subsequent research should then focus in optimizing the enzyme performance to decrease 
the enzyme loadings and reaction times. 
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ANNEX 1 
PROGRAMM USED WITH DIONEX HPLC FOR SUGAR ANALYSIS USING TWO PICS 
Program Filet Gluco3e_May2G03 
Operator: Michel Trottier 
Title; 
Oatasource: DIOPTEX_local 
Location: Schedule SucresV<7OX*Y2O03_A. SEQ 
Tiraebase: DIONEX 1 
Created: 5/14/03 6:57:14 «?M by Michel Trottier 
Changed: 6/17/03 1:24:40 PM by Michel Trottier 
Pressure. 
Pressure. 
%A.Equate 
%B.Equate 
%C.Equate 
%D.Equate 
Flush 
Wait 
NeedleHei 
LowerLimit «• 
UpperLimit = 
= 
= 
= 
= 
ght = 
GutSegmentVolume = 
SyringeSpeed *= 
Cycle = 
Data Collection Rate = 
Cell = 
Waveform 
Waveform 
Waveform 
Waveform 
Waveform 
Waveform 
Waveform 
Waveform 
Time = 0.00, 
Time = 0.20, 
Time - 0.40, 
Time — 0.41, 
Time = 0.42, 
Time = 0.43, 
Time - 0.44, 
Time = 0.50, 
WaitForTemperature — 
Wait 
ECD.Autozero 
Flow = 
%B -
%C -
%D -
500 
3500 
"Water" 
"200 mM NaOH" 
"%C" 
"%D" 
Volume •» 500 
FlushState 
2 
26 
5 
0 
1.00 
On 
Potential — 
Potential — 
Potential = 
Potential = 
Potential — 
Potential «• 
Potential = 
Potential — 
False 
0.10 
0.10, Ii 
0.10, Ii 
-2.00 
-2.00 
0.60 
- 0 . 10 
-0.10 
SamplePrep 
1.00 
9.0 
0.0 
0.0 
ntegration = Begin 
ntegration — End 
0.000 
Load 
Inject 
Wait 
ECD_1.AcqOn 
Flow = 
%B = 
%C -
%D = 
17.000 ECD_l.AcqOff 
%B = 
17.100 %B -
31.000 %B = 
31.100 %B -
45.000 Flow -
%B = 
%C = 
%D = 
InjectState 
1.00 
9.0 
0.0 
0.0 
9.0 
100.0 
100.0 
9.0 
1.00 
9.0 
0.0 
0.0 
End 
PeakNet © Dionex Corporation, Version 6.01 Build 447 
Figure A 1 - 1 : Program 
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ANNEX 2 
DETAILED RESULTS 
Table A 2 - 1 : Results from 030501-A to 030627-A 
Vol | Vol Dionox UioriHX 
Wet iiddbd Cone. 'lidded Cone. Fin.ili; Cone ; Com: 
Humidity Weight I H^r.04 Fimo I j ? NN<UH Timi; I Vol G I U I C H Xylo-.e 
No Typu (wl%) (q) (ml) (vrt%) (mm) ["C)' (ml) (wl%) (mm) |"C) (ml) (mq/ml) (mq/ml) 
030501-A 
030501-B 
030502-A 
030502-B 
030505-A 
030505-B 
030505-C 
030505-D 
030514-A 
030514-B 
030511-C 
030514-D 
030514-E 
030514-F 
0 3 0 5 H - G 
030514-H 
030526-C 
030526-D 
030527-A 
030527-B 
030527-C 
030527-D 
030527-E 
030527-F 
030527-G 
030527-H 
03052B-A 
030528-B 
030528-C 
030528-D 
030528-E 
030528-F 
030528-G 
030528-H 
030528-1 
030528-J 
030625-A 
030625-B 
030625-C 
030625-O 
030625-E 
030G25-F 
030626-A 
030B26-B 
030626-C 
03062G-D 
030626-E 
030626-G 
030627-A 
a-cell. SIGMA 
a-cell. SIGMA 
a-cel. SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cel SIGMA 
a-cell. SIGMA 
j - e e l SIGMA 
I-eel SIGMA 
ct-ceO. SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
a-cel SIGMA 
o-cel SIGMA 
o-cell. SIGMA 
o-cell. SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cell SIGMA 
o-cell. SIGMA 
o-cell. SIGMA 
a-cel. SIGMA 
o-cell. SIGMA 
o-cell. SIGMA 
o-cell. SIGMA 
o-cel SIGMA 
o-cell. SIGMA 
o-cel SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
o-cell. SIGMA 
a-cell SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
a-cel- SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
a-cel. SIGMA 
o-cell. SIGMA 
a-cel. SIGMA 
o-cel SIGMA 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4.11% 
4,52% 
4,52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4,52% 
4.52% 
4.52% 
4.52% 
0.3133 
0.3164 
3.1303 
3.1063 
3.1108 
3.124 
3.1078 
3.2871 
0.3212 
0.3211 
0.3229 
0.3169 
0.3121 
0.3024 
0.3167 
0.3030 
0.3111 
0.3007 
3.0923 
3.2553 
3.0922 
3.2326 
3.0220 
3.3020 
3.2021 
3.1815 
0.3171 
0.3091 
0.3189 
0.3042 
0.3072 
0.3087 
0.3178 
0.3073 
0.3096 
0.3168 
0.3175 
0.3151 
0.3132 
0.3119 
0.3033 
0.3037 
3.1857 
3.1810 
3.1790 
3.1652 
3.1489 
3.1173 
3.1433 
3 
3 
30 
30 
30 
30 
30 
30 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
30 
30 
30 
30 
30 
30 
30 
30 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
30 
30 
30 
30 
30 
30 
30 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
30 
30 
30 
30 
30 
30 
30 
30 
5 
5 
30 
30 
25 
25 
15 
15 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
20 
20 
20 
20 
30 
30 
40 
40 
40 
40 
11 
11 
15 
15 
25 
25 
30 
30 
30 
30 
30 
30 
30 
84 
84 
30 
30 
44 
44 
44 
44 
84 
84 
84 
84 
84 
84 
84 
84 
20 
20 
25 
25 
35 
35 
40 
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~XT 
"5><c 84 
84 
84 
84 
> < 
5><c 84 
84 
84 
84 
84 
84 
84 
84 
22 
24 
22 
24 
26 
28 
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0% 
0% 
28% 
28% 
28% 
28% 
28% 
28% 
0% 
0% 
0% 
0% 
0% 
0% 
0% 
0% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
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0% 
0% 
0% 
0% 
> < 
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0% 
0% 
0% 
0% 
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20 
20 
20 
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20 
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60 
60 
pxT 
5><c 60 
60 
60 
60 
60 
60 
60 
60 
20 
20 
20 
20 
20 
20 
20 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
"XT 
p<J 
120 
120 
120 
120 
120 
120 
120 
120 
"XT 
5><j 
120 
120 
120 
120 
"X" 
> < 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
80 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
2.639 
2.634 
20.514 
20.038 
5.418 
6.615 
6.044 
7.383 
0.850 
0.947 
2.673 
2.725 
2.669 
2.539 
2.558 
2.560 
0.187 
0.185 
22.057 
22.412 
25.424 
27.217 
14.077 
17.199 
7.213 
7.046 
0.040 
0.043 
2.591 
2.550 
2.546 
2.449 
0.623 
0.603 
2.403 
2.491 
1.275 
1.308 
2.336 
2.404 
2.452 
2.576 
19.689 
20.798 
20.570 
21,327 
22,845 
19.127 
7.884 
0.196 
0.194 
1.810 
2.041 
3.008 
3.395 
3.068 
3.606 
2.633 
2.655 
0.198 
0.195 
0.504 
0.515 
0.516 
0.500 
0.162 
0.157 
0.453 
0.469 
0.353 
0.370 
0.416 
0.430 
0.408 
0.424 
2.477 
2.719 
2.075 
2.632 
3.195 
3.085 
3.304 
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Table A2- 2: Results from 030627-B to 040120-F 
, | Vol Vol DuniiX Dioiit'x 
• We! dddml <-"nc 'uddud Cone. hin.ilu Com: Com: 
HumnJity| Wuujht I M7^04 Mmo T ? NH41IH limn 1 . Vol QIIK.OSC Xyloso 
Nr, [yf.n (wl%) ' (q) (ml) (wl%) (mm) ("C); (ml) (wl%) (mm) ("C)' (ml) (mg.'ml) (nig/ml) 
030627-B 
030627-C 
030627-D 
030627-E 
030627-F 
030701-A 
030701-B 
030701-C 
030701 -D 
030701-E 
030701-F 
030913-A 
030813-B 
030813-C 
030813-D 
030813-F 
030813-G 
030013-H 
030815-A 
030815-B 
030815-C 
030815-D 
030815-G 
030815-H 
030814-A 
030814-B 
030814-C 
030814-D 
030814-E 
030814-F 
030814-G 
030814-H 
030812-A 
030812-B 
030812-C 
030812-D 
0»t12-Cl/uw 
030t1£-r^ru^<v 
Q3M»-IS_IUI«I / 
t»nt-rs^«« 
030812-G 
030812-H 
040121-A 
040121-B 
040121-C 
010121-D 
010121-E 
010121-F 
040121-G 
040121 -H 
040120-A 
040120-B 
040120-C 
040120-D 
040120-E 
040120-F 
a-cell SIGMA 
a-cell. SISMA 
a-cell. SISMA 
a cell. SIGMA 
a cell SIGMA 
a-cel SIGMA 
a-cel SIGMA 
a cell. SIGMA 
1 cell. SIGMA 
a-cell. SIGMA 
a-cell SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
o-cell. SIGMA 
a-cel SIGMA 
a-cell SIGMA 
a-cell SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cell SIGMA 
o-cell SIGMA 
a-cell. SIGMA 
a-cel SIGMA 
a-cel. SIGMA 
a-ceO. SIGMA 
a-cell. SIGMA 
a-cell SIGMA 
a-ceO. SIGMA 
a-cell. SIGMA 
a-cel. SIGMA 
a-cel SIGMA 
a-cel SIGMA 
a-cel SIGMA 
a-ceil SIGMA 
a cell SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cel SIGMA 
a-cel SIGMA 
a-cel SIGMA 
a-cel SIGMA 
Ha) triM.GATPCc.il. 
rtattr.nr.lZrWPCc.ll. 
Nattrcnr.GRTPCetll. 
rtottrcnr.6RTPCc.il. 
Nattrcnr.GRTPCc.il. 
Nattrcnr.GRTPCc.il. 
Nsitrw.aRTPCe.il. 
Nattrcnr.GRTPCc.li. 
a-cel SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
a-cell SIGMA 
a-cell. SIGMA 
a-cell. SIGMA 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.64% 
4.64% 
4.64% 
4.64% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4,61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4,61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.61% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
4.52% 
5.42% 
5.42% 
5.42% 
5.42% 
5.42% 
5.42% 
3.0142 
3.1320 
3.1728 
3.1281 
3.1702 
3.1911 
3.1170 
3.1721 
3.1066 
3.1988 
3.0493 
3.1808 
3.2118 
3.0500 
3.0810 
3,0186 
3,0632 
3.1060 
3.1285 
3.0498 
3.1029 
3.1212 
3.0612 
3.1625 
3.1634 
3.0805 
3.1504 
3.1371 
3.1122 
3.1095 
3.1909 
3.1874 
3.0886 
3.0819 
3.1643 
3.0889 
3.1975 
3,1668 
3.1975 
3.1668 
3.1817 
3.1025 
3.1908 
3.0736 
3.1032 
3.0101 
3.1737 
3.1657 
3.1431 
3.0069 
3.2417 
3.2078 
3.2101 
3.2173 
3.1358 
3.1611 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
20 
20 
20 
20 
20 
30 
30 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
25 
25 
25 
26 
25 
25 
26 
26 
26 
25 
25 
0 
0 
0 
0 
0 
25 
26 
35 
35 
35 
35 
35 
35 
15 
15 
15 
15 
15 
15 
15 
15 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
15 
15 
20 
20 
25 
25 
30 
30 
23 
23 
24 
24 
25 
25 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
20 
30 
30 
40 
40 
20 
20 
30 
30 
40 
40 
6 
6 
10 
10 
15 
60 
60 
20 
20 
30 
30 
60 
120 
20 
20 
30 
30 
40 
40 
60 
60 
20 
20 
30 
30 
40 
40 
40 
40 
60 
60 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
80 
80 
80 
80 
80 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
45 
45 
50 
50 
55 
55 
60 
60 
100 
100 
100 
100 
100 
100 
6.390 
9.544 
8.165 
11.512 
11.139 
20.420 
19.308 
23.677 
22.290 
23.860 
21.960 
4.746 
5.395 
2.607 
2.310 
1.417 
23.252 
23.241 
1.880 
1.824 
1.705 
2.111 
4.014 
4.348 
19.737 
20.251 
19.831 
19.866 
18.513 
18.496 
17.788 
18.525 
19.422 
19.048 
19.974 
22.065 
22.151 
22.172 
23.496 
24.313 
22.064 
14.116 
37.539 
29.988 
48.133 
46.447 
47,315 
50.813 
47.949 
45.583 
24.357 
23.768 
22.718 
23.103 
22.759 
22.969 
3.065 
3.751 
3.532 
3.821 
3.846 
4.066 
3.940 
4.446 
4.231 
4.265 
3.915 
0.000 
0.000 
0.000 
0.000 
0.000 
3.832 
3.850 
2.798 
2.703 
2.713 
2.920 
3.348 
3.097 
2.897 
2.915 
2.304 
2.343 
1.940 
1.949 
1.583 
1.576 
4.086 
4.164 
3.912 
4.121 
3.833 
3.714 
3.635 
3.515 
3.557 
3.614 
0.917 
0.882 
1.001 
0.902 
0.874 
0.928 
0.697 
0.693 
4.139 
4.059 
4.069 
4.190 
4.186 
4.220 
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Table A2- 3: Results from 040120-G to 040312-H 
No. 
3 -O lLL - j 
040120-H 
04012G-A 
040126-B 
040126-C 
040126-D 
040126-E 
040126-F 
040126-G 
040126-H 
040203-A 
040203-6 
040203-C 
040203-D 
040205-A 
040205-B 
040205-C 
040205-D 
040205-F 
040205-G 
040205-H 
040206-A 
040206-B 
040206-C 
040206-D 
040205-E 
040206-F 
040206-G 
040206-H 
040209-O 
040209-E 
D40209-F 
040209-G 
040209-H 
04021a-A 
040218-B 
04021S-C 
040218-D 
040218-E 
040218-F 
040218-G 
040218-H 
040219-A 
040219-B 
040219-C 
040213-D 
040219-E 
040219-F 
040219-G 
040219-H 
040219-1 
040219-J 
040219-K 
040219-L 
040312-A 
040312-B 
040312-C 
040312-D 
040312-E 
040312-F 
040312-G 
040312-H 
Type 
j L^I SIGMA 
o-cell SIGMA 
a cell SIGMA 
a-cell SIGMA 
a-cell SIGMA 
a-cell SIGMA 
ci-cel! SIGMA 
a-cell SIGMA 
a-cel SIGMA 
a-cell SIGMA 
2mm QRTPC cell. 
2mm QRTPC cell. 
2mm QRTPC cell. 
3mm GRTPC cell. 
2mm GRTPC call. 
2mm GRTPC cell. 
2mm GRTPC cell. 
2mm GRTPC cell. 
2mm GRTPC call. 
2mm GRTPC cell. 
2mm GRTPC call. 
2mm GRTPC call. 
2mm GRTPC call. 
2mm GRTPC call. 
2mm QRTPC call. 
2mm GRTPC call. 
2mm GRTPC call. 
2mm GRTPC call. 
2mm GRTPC call. 
3mm GRTPC cell. 
2mm GRTVC call. 
2mm GRTPC call. 
2mm GRTPC call. 
3mm GRTPC cell. 
Defibril.ORTPCcctt. 
Defibril. QRTPC ceD. 
Dafibril. GRTPC aaD. 
Dafibril. GRTPC eett. 
Oefibril. GRTPC ceO. 
OaTlbrll. GRTPC caB. 
Defibrll. GRTPC e e l 
Defibrll. GRTPC eeH. 
Defibrll. GRTPC caD. 
Defibrll. GRTPC e e l 
Oefibril. GFTTPC ca!L 
Oefibril. GRTPC e e l 
Oefibril. QRTPC e e l 
Defibdl. GRTPC can. 
Oefibril. QRTPC can. 
Oefibril. QRTPC caO. 
Oefibril. GRTPC call 
Oefibril. QRTPC e e l 
Oefibril. QRTPC celL 
Oefibril. GRTPC e e l 
2mm GRTPC call. 
3mm GRTPC cell. 
3mm GRTPC cell. 
2mm GRTPC cell. 
2mm GRTPC call. 
2mm GRTPC cell. 
2mm GRTPC cell. 
2mm QRTPC cell. 
Humidity 
6.42% 
6.42% 
5.42% 
6.42% 
6.42% 
5.42% 
5.42% 
5.42% 
5.42% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
2.90% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.20% 
3.21% 
3.21% 
3.21% 
3.21% 
3.21% 
3.21% 
3.21% 
3.21% 
Wet 
Weight 
(<9) 
3.".-641 
3.1530 
3.1488 
3.1915 
3.1274 
3.0607 
3.1433 
3.1370 
3.1313 
3,1563 
0.3137 
0.3104 
0,3038 
0.2956 
3.0907 
3.1165 
3.0173 
3.0866 
3.0685 
3.1289 
3.0355 
3.0601 
3.1383 
3.0634 
3.1823 
3.1339 
3.1106 
3.1481 
3.1642 
3.1106 
3.1740 
3.0666 
3.0329 
3.1559 
3.1019 
3.0620 
3.1122 
3.1925 
3.0185 
3.1705 
3.0401 
3.0265 
3.1276 
3.0821 
3.0593 
3.0684 
3.2018 
3.0658 
3.1469 
3.0959 
0.3059 
0.3060 
0.3030 
0.3012 
3.0868 
3,0217 
3.0310 
3.0860 
3.0266 
3.0881 
3.0269 
3.1088 
Vol. 
added Cone. 
1 H 2 S0 4 
(ml) (wt%) 
30 72?= 
30 
30 
30 
30 
30 
30 
30 
30 
30 
3 
3 
3 
3 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
72% 
Time T 
(min) CC) 
1 JO 3D 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
Vol. 
added 
2 
(ml) 
/6 
26 
23 
23 
24 
24 
25 
25 
26 
26 
84 
84 
84 
84 
26 
26 
32 
32 
38 
42 
42 
28 
28 
34 
34 
40 
40 
44 
44 
38 
30 
30 
36 
36 
27.5 
27.5 
30 
30 
32.5 
32.5 
35 
35 
27.5 
27.5 
30 
30 
32.5 
32.5 
35 
35 
84 
84 
84 
84 
18 
18 
20 
20 
22 
22 
24 
24 
Cone. 
NH4OH 
JwtK) 
/•ft0,, 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
0% 
0% 
0% 
0% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
0% 
0% 
0% 
0% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
28% 
Time T 
(min) C O 
\'<< 100 
30 
30 
30 
30 
30 
30 
30 
30 
30 
60 
60 
60 
60 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
60 
60 
60 
60 
30 
30 
30 
30 
30 
30 
30 
30 
100 
100 
100 
100 
100 
100 
100 
100 
100 
120 
120 
120 
120 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
120 
120 
120 
120 
100 
100 
100 
100 
100 
100 
100 
100 
m
 
Dionex 
Cone. 
Glucose 
(mu/mll 
• CC 22 039 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
20.501 
21.833 
21.994 
22.565 
22.009 
23,696 
23,469 
23,810 
23.279 
3,040 
2.969 
2.905 
2.788 
24.639 
20.797 
15.151 
13.861 
7.516 
6.826 
7.256 
19.357 
21.811 
10.329 
9.319 
6,818 
7,252 
6.985 
6.046 
10.176 
16.594 
21.610 
7.770 
10.185 
22.710 
18.961 
14.245 
18.934 
15.571 
13.958 
11.113 
11.597 
18.202 
15.366 
9.011 
12.279 
6.302 
6.222 
13.677 
6.700 
2.827 
2.892 
2.868 
2.806 
22.826 
23.606 
24.565 
24.848 
24.093 
25.519 
22.877 
21.538 
Dionex 
Cone. 
Xylose 
(mcj/ml) 
' " i 326 
4.235 
4.280 
4.339 
4.336 
3.902 
4.148 
4.173 
4.010 
4.098 
0.085 
0.069 
0.069 
0.069 
0.620 
0.660 
0.581 
0.573 
0.472 
0.459 
0.467 
0.613 
0.679 
0.550 
0.498 
0.456 
0.448 
0.413 
0.403 
0.506 
0.635 
0.710 
0.513 
0.537 
0.599 
0.577 
0.461 
0.664 
0.574 
0.591 
0.629 
0.661 
0.690 
0.634 
0.582 
0.560 
0.627 
0.497 
0.530 
0.540 
0.064 
0.069 
0,068 
0.064 
0.686 
0.792 
0.767 
0.806 
0.799 
0.821 
0.811 
0.774 
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ANNEX 3 
HPLC CALIBRATIONS 
1 Calibration MONO040102 
Glucose 99,5% 120,6 mg Level 1 
1000 ml Level 6 
Xylose 99,0% 104,2 mg Level 1 
1000 ml Level 6 
2 Calibration MONO260803 
Glucose 99,5% 120,6 mg Level 1 
1000 ml Level 6 
Xylose 99,0% 104,2 mg Level 1 
1000 ml Level 6 
3 Calibration GLUCOSE130503 
Glucose 99,5% 116,0 mg Level 1 
1000 ml Level 6 
4 Calibration MONO020603 
Glucose 99,5% 116,0 mg Level 1 
1000 ml Level 6 
Xylose 99,0% 100,2 mg Level 1 
1000 ml Level 6 
5 Calibration GLUCOSE160603 
Glucose 99,5% 106,4 mg Level 1 
1000 ml Level 6 
Xylose 99,0% 111,3 mg Level 1 
1000 ml Level 6 
6 Calibration GLUCOSE020703 
Glucose 99,5% 103,2 mg Level 1 
1000 ml Level 6 
Xylose 99,0% 18,0 mg Level 1 
1000 ml Level 6 
7 Calibration MONO280403 
Glucose 99,5% 102,8 mg Level 1 
1000 ml Level 6 
Xylose 99,0% 103,2 mg Level 1 
1000 ml Level 6 
8 Calibration MONO150104 
Glucose 99,5% 105,5 mg Level 1 
1000 ml Level 7 
Xylose 99,0% 104,6 mg Level 1 
1000 ml Level 7 
9 Calibration MONO090204 
Glucose 99,5% 102,8 mg Level 1 
1000 ml Level 6 
Xylose 99,0% 18,1 mg Level 1 
1000 ml Level 6 
5 
30 
5 
30 
5 
30 
5 
30 
5 
30 
3 
20 
3 
20 
5 
30 
5 
30 
5 
30 
5 
30 
5 
30 
5 
30 
5 
40 
5 
40 
5 
30 
5 
30 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
ml into 50ml 
12,00 
72,00 
10,32 
61,89 
12,00 
72,00 
10,32 
61,89 
11,54 
69,25 
6,93 
46,17 
5,95 
39,68 
10,59 
63,52 
11,02 
66,11 
10,27 
61,61 
1,78 
10,69 
10,23 
61,37 
10,22 
61,30 
10,50 
83,98 
10,36 
82,84 
10,23 
61,37 
1,79 
10,75 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
ug/m 
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Table A 3 - 1 : Verification if the results fall within the standard range, from 01-18-2002 1A to 030627-B 
Sample 
No 
01-18-2002 1A 
01-18-2002 2A 
10-27-2003 1A 
10-27-2003 1 B 
10-27-2003 2A 
10-27-2003 2 B 
030501-A 
030501-B 
030502-A 
030502-B 
030505-A 
030505-B 
030505-C 
030505-D 
030514-A 
030514-B 
030514-C 
030514-D 
030514-E 
030514-F 
030514-G 
030514-H 
030526-C 
030526-D 
030527-A 
030527-B 
030527-C 
030527-D 
030527-E 
030527-F 
030527-G 
030527-H 
030528-A 
030528-B 
030528-C 
030528-D 
030528-E 
030528-F 
030528-G 
030528-H 
030528-1 
030528-J 
030625-A 
030625-B 
030625-C 
030625-D 
030625-E 
030625-F 
030626-A 
030626-B 
030626-C 
030626-D 
030626-E 
030626-G 
030627-A 
030627-B 
Results for the sample 
Cane. 
Glucose 
(ma/mi) 
29.353 
29,149 
24.572 
22.174 
25.715 
27.447 
2.639 
2.634 
20.514 
20.038 
5.418 
6.615 
6.044 
7.383 
0.850 
0.947 
2.673 
2.725 
2.669 
2.539 
2.568 
2.560 
0.187 
0.186 
22.057 
22.412 
25.424 
27.217 
14.077 
17.199 
7.213 
7.046 
0.040 
0.043 
2.591 
2.550 
2.546 
2.449 
0.623 
0.603 
2.403 
2.491 
1.275 
1.308 
2.336 
2.404 
2.452 
2.576 
19.689 
20.798 
20.570 
21.327 
22.845 
19.127 
7.884 
6.390 
Cone. 
Xylose 
(my/ml] 
4.818 
4.917 
0.583 
0.585 
0.838 
0.811 
0.196 
0.194 
1.810 
2.041 
3.008 
3.395 
3.068 
3.606 
2.633 
2.655 
0.198 
0.195 
0.504 
0.515 
0.516 
0.500 
0.162 
0.157 
0,453 
0.469 
0.353 
0.370 
0.416 
0.430 
0.408 
0.424 
2.477 
2.719 
2.075 
2.632 
3.195 
3.085 
3.304 
3.065 
Dilution 
IdCtOI 
0 250 
0.250 
0.167 
0.167 
0.500 
0.500 
0.050 
0.050 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.010 
0.010 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.005 
0.005 
0.100 
0,100 
0.100 
0.100 
0.025 
0.025 
0.100 
0.100 
0.050 
0.050 
0.025 
0.025 
0.025 
0.025 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
Dionex Cone. 
DionoK Cone. 
Glucose 
[ug/ml] 
117412 
116.597 
147.433 
133,041 
51,429 
54.894 
52.780 
52.680 
82.056 
80.152 
21.672 
26.460 
24,176 
29,532 
17,004 
18.940 
53.456 
54.492 
53.388 
50.784 
51.164 
51.204 
18.700 
18.500 
44.114 
44.824 
50.848 
54.434 
28,154 
34.398 
14.426 
14.092 
8.000 
8.600 
25.910 
25.500 
25.460 
24.490 
24.920 
24.120 
24.030 
24.910 
25.500 
26.160 
93.440 
96.160 
98.080 
103.040 
39.378 
41.596 
41.140 
42.654 
45,690 
38,254 
15,768 
12.780 
Dionex Cone. 
Xyloso 
|uy/nil] 
19.274 
19.668 
3.496 
3.507 
1.677 
1.622 
19.600 
19.400 
3.620 
4.082 
6.016 
6.790 
6.136 
7.212 
5.266 
5.310 
39.600 
39.000 
5.040 
5.150 
5.160 
5.000 
6.480 
6.280 
4.530 
4.690 
7.060 
7.400 
16.640 
17.200 
16.320 
16.960 
4.954 
5.438 
4.150 
5.264 
6.390 
6.170 
6.608 
6.130 
Dionex Standards 
a 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
_3_, 
3 
3 
3 
3 
3 
3 
J3J 
5 
5 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
6 
5 
5 
5 
Iff 
5 
5 
5 
6 
|6_ 
[H 
6 
nr 
6 
6 
6 
6 
6 
6 
6 
6 
6 
Glucose 
(ug/ml) 
OUT 
OUT 
OUT 
OUT 
IN 
IN 
IN 
IN 
OUT 
OUT 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
OUT 
OUT 
IN 
IN 
IN 
IN 
OUT 
OUT 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
OUT 
OUT 
OUT 
OUT 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
Xylose 
(ug/mll 
IN 
IN 
OUT 
OUT 
OUT 
OUT 
IN 
IN 
OUT 
OUT 
IN 
IN 
IN 
IN 
OUT 
OUT 
IN 
IN 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
IN 
IN 
OUT 
OUT 
OUT 
OUT 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
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Table A3- 2: Verification if the results fall within the standard range, from 
Sample 
No. 
PZW-C. 
030627-D 
030627-E 
030627-F 
030701-A 
030701-B 
030701-C 
030701-D 
030701-E 
030701-F 
030813-A 
030813-B 
030813-C 
030813-D 
030813-F 
030813-G 
030813-H 
030815-A 
030815-B 
030815-C 
030815-D 
030815-G 
030815-H 
030814-A 
030814-B 
030814-C 
030814-D 
030814-E 
030814-F 
030814-G 
030814-H 
030812-A 
030812-B 
030812-C 
030812-D 
030812-E 2_sugais 
030812-F2_sugars 
030812£ 5_sugars 
030812-F5_sugars 
030812-G 
030812-H 
040121-A 
040121-B 
030812-G 
030812-H 
040121-A 
040121-B 
040121-C 
040121-D 
040121-E 
040121-F 
040121-G 
040121-H 
040120-A 
040120-B 
040120-C 
Rotulls foi the sample 
Cone. 
Glucose 
(mgAnl] 
9.5-4 
8.166 
11.512 
11.139 
20.420 
19.308 
23.677 
22.290 
23.860 
21.960 
4.746 
6.395 
2.607 
2.310 
1.417 
23.252 
23.241 
1.880 
1.824 
1.705 
2.111 
4.014 
4.348 
19.737 
20.251 
19.831 
19.866 
18.513 
18.496 
17.788 
18.525 
19.422 
19.048 
19,974 
22.065 
22.151 
22.172 
23.496 
24.313 
22.064 
14.116 
37.539 
29.988 
22.064 
14.116 
37.539 
29.988 
48.133 
46.447 
47.315 
50.813 
47.949 
45.583 
24.357 
23.768 
22.718 
Cone. 
Xylose 
[mg/ml) 
3 751 
3.532 
3.821 
3.846 
4.066 
3.940 
4.446 
4.231 
4.265 
3.915 
0.000 
0.000 
0.000 
0.000 
0.000 
3.832 
3.850 
2.798 
2.703 
2.713 
2.920 
3.348 
3.097 
2.897 
2.915 
2.304 
2.343 
1.940 
1.949 
1.583 
1.576 
4.085 
4.154 
3.912 
4.121 
3.833 
3.714 
3.635 
3.615 
3.557 
3.614 
0.917 
0.882 
3.557 
3.614 
0.917 
0.882 
1.001 
0.902 
0.874 
0.928 
0.697 
0.693 
4.139 
4.059 
4.069 
Dilution 
fdctoi 
C500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.600 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.600 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.600 
0.500 
0.5* 0,0833 
0.51 0.0633 
0.51 0.0833 
0,5 / 0,0833 
0,510,0833 
0,5/0,0833 
0.5 / 0.0833 
0.5 / 0.0333 
0.500 
0.500 
0.500 
Dionex Cone. 
DiuncK Cone 
Glucose 
[ug/mQ 
1 a 088 
16.330 
23.024 
22.278 
40.840 
38.616 
47.354 
44.580 
47.720 
43.920 
9.492 
10.790 
5.214 
4.620 
2.834 
46.504 
46.482 
3.760 
3.648 
3.410 
4.222 
8.028 
8.696 
39.474 
40.502 
39.662 
39.732 
37.026 
36.992 
35.576 
37.050 
38.844 
38.096 
39.948 
44.130 
44.302 
44.344 
46.992 
48.626 
44.128 
28.232 
75.078 
59.976 
44.128 
28.232 
75.078 
59.976 
96.266 
92.894 
94.630 
101.626 
95.898 
91.166 
48.714 
47.536 
45.436 
Dionex Cone. 
Xylose 
[ug/ntl) 
7o02 
7.064 
7.642 
7.692 
8.132 
7.880 
8.892 
8.462 
8.530 
7.830 
0.000 
0.000 
0.000 
0.000 
0.000 
7.664 
7.700 
5.596 
5.406 
5.426 
5.840 
6.696 
6.194 
5.794 
5.830 
4.608 
4.686 
3.880 
3.898 
3.166 
3.152 
8.170 
8.308 
7.824 
8.242 
7.666 
7.428 
7.270 
7.030 
7.114 
7.228 
1.834 
1.764 
7.114 
7.228 
11.008 
10.588 
12.017 
10.828 
10.492 
11.140 
8.367 
8.319 
8.278 
8.118 
8.138 
Dionex Standards 
It 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
7 
\T 
6 
6 
6 
6 
6 
6 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
Glucoso 
(un/ml) 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
OUT 
IN 
OUT 
OUT 
OUT 
IN 
IN 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
OUT 
IN 
IN 
IN 
IN 
IN 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
IN 
IN 
IN 
Xylose 
lug/ml) 
N 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
OUT 
OUT 
OUT 
OUT 
OUT 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
OUT 
OUT 
IN 
IN 
IN 
OUT 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
OUT 
OUT 
IN 
IN 
IN 
030627-C to 040120-C 
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Table A3- 3: Verification if the results fall within the standard range, from 040120-D to 040219-L 
Sample Results foi the sample 
No. 
040120-D 
040120-E 
040120-F 
040120-G 
040120-H 
040126-A 
040126-B 
040126-C 
040126-D 
040126-E 
040126-F 
040126-G 
040126-H 
040203-A 
040203-B 
040203-C 
040203-D 
040205-A 
040205-B 
040205-C 
040205-D 
040205-F 
040205-G 
040205-H 
040206-A 
040206-B 
040206-C 
040206-D 
040206-E 
040206-F 
040206-G 
040206-H 
040209-D 
040209-E 
040209-F 
040209-G 
040209-H 
040218-A 
040218-8 
040218-C 
040218-D 
040218-E 
040218-F 
040218-G 
040218-H 
040219-A 
040219-B 
040219-C 
040219-D 
040219-E 
040219-F 
040219-G 
040219-H 
040219-1 
040219-J 
040219-K 
040219-L 
Cone. 
Glucoso 
(mg/ml) 
23.103 
22.759 
22.969 
22.059 
20.501 
21.833 
21.994 
22.665 
22.009 
23.696 
23.469 
23.810 
23.279 
3.040 
2.969 
2.905 
2.788 
24.639 
20.797 
15.151 
13.861 
7.515 
6.826 
7.256 
19.357 
21.811 
10.329 
9.319 
6.818 
7.252 
5.986 
6.046 
10.176 
16.694 
21.610 
7.770 
10.185 
22.710 
18.961 
14.245 
18.934 
15.571 
13.958 
11.113 
11.597 
18.202 
15.365 
9.011 
12.279 
6.302 
6.222 
13.677 
6.700 
2.827 
2.892 
2.868 
2.806 
Cane. 
Xyfaxe 
(tug/ml) 
4.190 
4.186 
4.220 
4.326 
4.235 
4.280 
4.339 
4.336 
3.902 
4.148 
4.173 
4,010 
4.098 
0.085 
0.069 
0.069 
0.069 
0.620 
0.560 
0.581 
0,573 
0.472 
0.459 
0.467 
0.613 
0.679 
0.550 
0.498 
0.456 
0.448 
0.413 
0.403 
0.506 
0.635 
0.710 
0.513 
0.537 
0.599 
0.577 
0.461 
0.664 
0.574 
0.591 
0.529 
0.561 
0.590 
0.634 
0.582 
0.550 
0.527 
0.497 
0.530 
0.540 
0.064 
0.069 
0.068 
0.064 
Dilution 
factor 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.050 
0.050 
0.050 
0.050 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.050 
0.050 
0.050 
0.050 
Oianox Cane 
DionoK Cane. 
Glucose 
(ug/ml] 
46.206 
45.518 
45.938 
44.118 
41.002 
43.666 
43.988 
45.130 
44.018 
47.392 
46,938 
47,620 
46,558 
60,804 
59.372 
58.098 
55.750 
49.278 
41.594 
30.302 
27.722 
15.030 
13.652 
14.512 
38.714 
43,622 
20.658 
18.638 
13.636 
14.504 
11.970 
12.092 
20.352 
33.188 
43.220 
15.540 
20.370 
45.420 
37.922 
28.490 
37.868 
31.142 
27.916 
22.226 
23.194 
36.404 
30.730 
18.022 
24.558 
12.604 
12.444 
27.354 
13.400 
56.540 
57.840 
57.360 
56.120 
DioneM Cone. 
Xylose 
(un/ml) 
8.380 
8.372 
8.440 
8.652 
8.470 
8.560 
8.678 
8.672 
7.804 
8.296 
8.346 
8.020 
8.196 
1.690 
1.378 
1.382 
1.372 
1.240 
1.120 
1.162 
1.146 
0.944 
0.918 
0.934 
1.226 
1.358 
1.100 
0.996 
0.912 
0.896 
0.826 
0.806 
1.012 
1.270 
1.420 
1.026 
1.074 
1.198 
1.154 
0.922 
1.328 
1.148 
1.182 
1.058 
1.122 
1.180 
1.268 
1.164 
1.100 
1.054 
0.994 
1.060 
1.080 
1.280 
1.380 
1.360 
1.280 
Dionex Standards 
U 
9 
9 
9 
9 
9 
9 
9 
_9J 
9 
9 
9 
9 
9 
9 
Tl 
J] 9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
nr 9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
Glucnse 
(uq/ml) 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
Xjllnse 
(uq/mfl 
\ 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
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Table A3- 4; Verification if the results fall within the standard range, from 040312-A to 040312-H 
Sample Result? foi (he sample 
Cone. 
Glucose 
No. ] (mgVml) 
040312-A 
040312-B 
040312-C 
040312-D 
040312-E 
040312-F 
040312-G 
040312-H 
22.826 
23.606 
24.565 
24.848 
24.093 
25.519 
22.877 
21.538 
Cone. 
Xylose 
[mg/mll 
0.686 
0.792 
0.757 
0.805 
0.799 
0.821 
0.811 
0.774 
Dilution 
faclgi 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
Dionex Cone : Dionex Standards 
DioneK Cane. DioncM Cone. 
Glucose ! Xylose 
(ug/ml) j (ug/ml) 
45.652 
47.212 
49.130 
49,696 
48.186 
51.038 
45.754 
43.076 
1.372 
1.584 
1.514 
1.610 
1.598 
1.642 
1.622 
1.548 
! Glucose 
v (uq/ml) 
9 
9 
9 
9 
9 
9 
9 
9 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
Xylose 
lug/ml) 
OLT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
OUT 
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ANNEX 4 
ACID HYDROLYSIS BEST RESULT ON CELLULOSE AVICEL PH 103 
45ml H2S04 72% 4.5g a-cell. SIGMA 
1 * 
Stepl 
H2S04 72%, 2h, 30°C 
T 
Mainly oligomers, but also some monomers 
50ml NH4OH 28% — T | 
Step 2 
H2S04 30%, 30min, 120°C 
T 
10 
11.7 
21 
7.9 
).56 
ml solution 
g biomass 
g pure H2S04 
g biomass 
ml solution 
g biomass 
g pure H2S04 
g biomass 
g pure H2S04 
Sugars solution 
Cone = 3.3% 
Figure A4- 1 : Acid hydrolysis with Avicel PH103 
ml solution 
(~ 5wt% biomass concentration) 
Table A 4 - 1 : 
No 
030102-A 
Results with Avicel PH103 
Humidity 
(wt%) 
81 8 
Wet 
Weight 
(g) 
4,5402 
Vol. 
added 1 
(ml) 
45,0 
Cone. 
H,SC\; 
(wt%) 
72% 
Time 
(min) 
120 
T 
CC) 
30 
Vol. 
added 2 
(ml) 
50 
Cone. 
NH..OH 
(wt%) 
28% 
Time 
(min) 
20 
T 
(JC) 
120 
Glue. 
Yield 
(wt%) 
85% 
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ANNEX 5 
INITIAL SUBSTRATE COMPOSITION 
Table A5- 1: 5 sugars analysis, ASTM E1758-95 test on ct-cellulose SIGMA 
01-18-2002 1A 
01-18-2002 2A 
Average 
Average normalized 
Only GLU and XYL 
Composition 
Standard deviation 
Glucose* 
wt% 
84,27 
83,18 
83,7 
84,8 
84,8 
86,0 
0,77 
Xylose 
wt% 
13,53 
13,72 
13,6 
13,8 
13,8 
14,0 
0,14 
Mannose 
wt% 
1,17 
1,31 
1,2 
1,3 
Arabinose 
wt% 
0,04 
0,0 
0,0 
Galactose 
wt% 
0,05 
0,1 
0,1 
98,7 
100,0 
98,6 
100,0 
' Results were out of the calibration rang (see Annex 3) 
Table A5- 2: 2 sugars analysis, ASTM E1758-95 test on ot-cellulose SIGMA 
030501-A 
030501-B 
030514-C 
030514-D 
030528-E 
030528-F 
Average 
Composition 
Standard deviation 
Glucose 
wt% 
79,06 
78,14 
77,69 
80,70 
77,79 
74,46 
78,0 
83,7 
2,05 
Xylose* 
wt% 
15,41 
14,86 
15,1 
16,3 
0,39 
93,1 
100,0 
* Results were out of the calibration range (see Annex 3) 
Table A5- 3: Summary of the ASTM E1758-95 test on a-cellulose SIGMA 
Sugars 
Glucose (wt%) 
Xylose (wt%) 
Sum 
5suga 
Average 
84,9* 
13,8 
98,7 
s analysis 
Normalized 
86,0 
14,0 
100,0 
2 sugars 
Average 
78,0 
15,1* 
93,1 
analysis 
Normalized 
83,7 
16,3 
100,0 
Cellulose composition 
Average Normalized 
78,0 
13,8 
91,8 
84,9 
15,1 
100,0 
' Results were out of the calibration range (see Annex 3) 
Table A5- 4; 5 sugars analysis, ASTM E1758-95 test on 0.419mm GRTPC cellulose 
10-27-2003 Test 1 
10-27-2003 Test 2 
Average 
Average normalized 
Only GLU and XYL 
Composition 
Standard deviation 
Glucose* 
wt% 
83,95 
88,45 
86,2 
87,1 
87,1 
91,7 
3,18 
Xylose* 
wt% 
2,74 
2,61 
2,7 
2,7 
2,7 
2,8 
0,09 
Arabinose 
wt% 
1,02 
0,99 
1,0 
1,0 
Galactose 
wt% 
3,41 
3,36 
3,4 
3,4 
Mannose 
wt% 
0,38 
0,36 
0,4 
0,4 
' Results were out of the calibration range (see Annex 3) 
'* Cellulose contained 5.4% of lignin 
93,6 
94,6 
89,8 
94,6** 
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Table A5- Si 2 sugars analysis, ASTM E1758-95 test on deflbrillated GRTPC cellulose 
040219-1 
040219-J 
040219-K 
040219-L 
Average 
Composition 
Standard deviation 
Glucose 
(wt%) 
85,92 
87,87 
88,00 
86,62 
87,3 
92,5 
1,00 
Xylose* 
(wt%) 
1,90 
2,05 
2,04 
1,93 
2,0 
2,1 
0,00 
89,3 
94,6" 
* Results were out of the calibration range (see Annex 3) 
** Cellulose contained 5.4% of lignin. 
Table A5- 6: 2 sugars analysis, ASTM E1758-95 test on 2mm GRTPC cellulose 
040203-A 
040203-B 
040203-C 
040203-D 
Average 
Composition 
Standard deviation 
Glucose 
(wt%) 
89,83 
88,65 
88,63 
87,40 
88,6 
92,4 
0.99 
Xylose* 
(wt%) 
2,44 
2,01 
2,06 
2,10 
2,2 
2,2 
0.19 
90,8 
94,6" 
* Results were out of the calibration range (see Annex 3) 
** Cellulose contained 5.4% of lignin. 
Table A5- 7: Summary of the ASTM E1758-95 test on 
Glucose (wt%> 
Xylose (wt%) 
Lignin 
Composition 
0,419mr 
Average 
84,0* 
2,7* 
86,7 
n grinding 
Norm. 
91,7 
2,8 
94,6** 
2mm g 
Average 
88,6 
2,2* 
90,8 
GRTPC cellulose 
rinding 
Norm. 
92,3 
2,2 
94,6** 
Deflbrillated 
Average Norm. 
87,3 
2,0* 
89,3 
92,5 
2,0 
94,4" 
Cellulose composition 
Average Norm. 
88,0 
2,3 
90,2 
92,2 
2,4 
5,4** 
100,0 
Results were out of the calibration range (see Annex 3) 
" Cellulose contained 5.4% of lignin. 
It can be useful to know if the 2mm ground cellulose gives same glucose yield as the 
defibrillated cellulose using the two-sample t-test: 
I.6-87.3 
stdev.2 stdev,2 I 0.992 1.002 
' l - " K ta/2/1i+n2-2 ~ to.025,6 ' 2.45 (A5-1) 
This test concludes that both yields are equal with a confidence level of 95% (or a=0.05), so it 
can be deduced that grinding to 2mm does not degrade the GRTPC cellulose at a significant 
level. Thus, the averages of glucose yields for 2mm ground and for deflbrillated cellulose give 
the average composition. Because xylose yields are out of the calibration range, three of them 
are counted in the average of the composition. Because of the low xylose yields of and the 
error done by the calibration, the efficiency will be measured only using the glucose recovery 
for the section 5.5. 
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ANNEX 6 
ENZYMATIC LOADING 
Table A 6 - 1 : Loading volumes Table A6- 2: Loading activities 
Flask 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
SC 
SP 
FPU/test 
15 
15 
15 
15 
15 
7.5 
7.5 
7.5 
7.5 
7.5 
0 
0 
0 
15 
342 
CMC/test 
0 
3.78 
7.5 
15 
30 
0 
3.78 
7.5 
15 
30 
0 
15 
30 
30 
188 
CBU/test 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
26.2 
Flask 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
SC 
SP 
til/test 
500 
500 
500 
500 
500 
250 
250 
250 
250 
250 
0 
0 
0 
500 
342 
nl/test 
0 
315* 
625* 
125 
250 
0 
315* 
625* 
125 
250 
0 
125 
250 
250 
.:•' 188 
nl/test 
655* 
655* 
655* 
655* 
655* 
655* 
655* 
655* 
655* 
655* 
655* 
655* 
655* 
655* 
•Using a 10 times dilution solution 
Table A6- 3: Loading protein content Table A6- 4; Activities ratio (1=15 units) 
Flask 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
SC 
FPU 
0.5 
0.5 
0.5 
0.5 
0.5 
0 
0 
0 
1 
CMC 
0 
0.25 
0.5 
1 
2 
0 
0.25 
0.5 
1 
2 
0 
1 
2 
2 
CBU 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
Flask 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
SC 
SP 
mg/test 
50 
50 
50 
50 
50 
25 
25 
25 
25 
25 
0 
0 
0 
50 
342 
mg/test 
0 
6 
12 
25 
49 
0 
6 
12 
25 
49 
0 
25 
49 
49 
188 
mg/test 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
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ANNEX 7 
CHNOS RESULTS 
Table A7-
Sample Name 
efi:yme3001 
@nzymes9Q2 
enzymes£)Q3 
eniymesOO^ 
enzymesOQB 
enjyme3006 
1: CHNOS Calculations 
File Name 
KB102104001 
KB102104002 
KB102104003 
KBI02104004 
KB102104005 
KB102104006 
Date 
38261 
'38281 
38281 
38281 
38281 
38281 
Time 
14:04 
14.12 
14:20 
14:29 
14.3? 
14:45 
Typo 
By-Pa3S 
Blank 
STD 
UNK 
UNK 
UMK 
Weight 
0 
8.573 
5.992 
3.448 
3.653 
Spezyme®CP 
enzymesGQ? 
enzymesOQ8 
entymesOOS 
KB102104007 
KB 102104006 
KB102104009 
38281 
38281 
3B281 
14:53 
15:01 
15:09 
UNK 
UNK 
UNK 
4.702 
4.318 
0.247 
Novoxym*! B8 
en:ymes010 
enrymesQI 1 
eniymesCM 2 
KB102104010 
KB102104011 
KB102104012 
36281 
38281 
38281 
15:17 
15.25 
16:33 
UNK 
UNK 
UNK 
Nova 
9.239 
5,019 
2.966 
i y m * 3 4 2 
N 
0 
0 
10.52 
5.27 
5.23 
5.24 
5.25 
667 
6.45 
6,67 
6.59 
1.71 
1.31 
1.82 
1.61 
C 
0 
0 
3609 
40.80 
41.43 
4146 
4123 
2230 
25.88 
19.91 
22.63 
4162 
41,37 
4124 
41.41 
H 
0 
0 
5.30 
5.52 
21.60 
21.55 
16.22 
13.46 
14.72 
13.06 
13,74 
398 
0.00 
23 69 
9.29 
303 mg solid = 16 mg 
ml ml 
476 mg solid = 31 mg 
rnl ml 
497 mg solid = 8 _mg_ 
ml ml 
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